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Abstract 
 
The photovoltaic (PV) cell or solar cell is one of the best choices to convert directly sunlight into electricity. 
The present solar cell market is dominated by the first generation silicon solar cells. However, due to the high 
material cost of silicon, the second generation thin film solar cells based on CuInGaSe2 (CIGS) and CdTe have 
also been partly implemented in the solar market. But low availability of In and Ga and toxicity of Cd are 
considered as limitations to meet future power demand. Recently, kesterite Cu2ZnSn(SxSe1-x)4 (CZTSSe) 
adopting similar structure of CIGS have emerged as alternative absorber layer. It has optimal band gap (1.0–
1.5 eV, depending on the S, Se compositions) and high absorption coefficient (~104 cm-1). One of the important 
things is that the constituting elements in abundant on earth. But unfortunately the highest achieved power 
conversion efficiency using CZTSSe, so far, is 12.6% ,which is only about 50% of the efficiency of CIGS 
(21.7%), which has a similar crystallographic structure. Open circuit voltage (Voc) is considered to be primary 
limiting factor among the solar cell parameters in CZTSSe devices. This material has been suffering from high 
open circuit voltage deficiency (Eg/q –Voc). For CZTSSe this VOC deficiency is greater than 0.6 V whereas for 
CIGS it is less than or equal to 0.5 V. Therefore, further progress of CZTSSe based solar cells mostly rely on 
the deeper understanding of the defects that lower the VOC relative to its Schockly-Queisser (SQ) limit. In this 
thesis, our study is based on the investigation of the defects and the carrier recombination properties in CZTSSe 
based material. The defect activation energies measured by Admittance Spectroscopy (AS) are in the range of 
100~200 meV for CZTSSe depending on Cu/Sn composition with a fixed [Se]/[S+Se] ~ 0.85. The higher band 
gap pure CZTS reveals higher defect at around 331 meV. The origins of these defects are attributed to CuZn 
antisite defects. The estimated capture cross sections of the defects are low and capture time is high enough 
indicating these defects may not have severe detrimental effects on solar cells performance. By using Transient 
Photocapacitance (TPC) the deep level defect spectra centered at 0.8 to 1.0 eV have been investigated. We 
have introduced Two-wavelength Excitation Photoluminescence (TWEPL) to examine the properties of the 
0.8 eV defect level. The TWEPL intensity for CZTS thin film is found stronger than the PL intensity obtained 
for only above gap excitation. On the other hand in case of CZTSSe thin film the TWEPL is found to be 
weaker. The results obtained for CZTS in this study suggest that ~0.8 eV-defect level works as a recombination 
center at RT while in CZTSSe this level works as a trap center. The quality of CZTSSe absorbers for three 
different Cu/Sn compositions was investigated by Time Resolved Photoluminescence (TR-PL). Minority 
carrier lifetime measured from TRPL was found to be insensitive on the Cu/Sn ratios of 1.65 and 1.75 showing 
relatively higher lifetime, comparing to the higher Cu/Sn ratio (1.85) sample. It was attributed to the increased 
non-radiative native defects associated with higher Cu/Sn. The difference in lifetime between CdS covered 
CZTSSe and CZTSSe-based solar cell structure is not remarkable that perhaps due to weak charge separation 
effect across the junction. Penetration-depth dependence of lifetime-values revealed that the CZTSSe surface 
recombination is much more effective than the recombination in the surface of CIGS. To study carrier 
recombination properties across the junction region of CZTSSe and CIGS solar cells electroluminescence 
(EL), bias dependent time resolved photoluminescence (TRPL), and temperature dependent open circuit 
voltage (VOC) measurements were performed. For the similar forward current density the EL-intensity of the 
CZTSSe sample was obtained significantly lower than that of the CIGS sample. Photoluminescence (PL) decay 
time measured from TRPL in CZTSSe has been found almost independent under the forward and reverse bias 
conditions. However, in case of CIGS sample the PL decay time strongly depends on the bias across the 
junction. Finally, temperature dependent VOC suggests that interface related recombination in the CZTSSe solar 
cell structure might be one of the major factors that affect EL efficiency and also, TRPL decay curves. 
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Chapter 1 
Introduction 
 
1.1 Motivation 
It is generally known that energy is the driving force for development, economic growth and modernization 
of the human world. The population of the world is increasing day by day and the world is also advancing, 
consequently the demand of extra energy is also increasing with time. It is reported by the International Energy 
Outlook 2013 (IEO2013) that world energy consumption will grow by 56 percent between 2010 and 2040. 
Total world energy use rises from 524 quadrillion British thermal units (Btu) in 2010 to 630 quadrillion Btu 
in 2020 and to 820 quadrillion Btu in 2040 (Fig. 1-1). Much of the growth in energy consumption occurs in 
countries outside the Organization for Economic Cooperation and Development (OECD), known as non-
OECD, where demand is driven by strong, long-term economic growth. Energy use in non-OECD countries 
increases by 90 percent; in OECD countries, the increase is 17 percent. 
 
 
Fig. 1-1. World energy consumption, 1990-2040 (quadrillion Btu), reprinted from Ref. [1-1]. 
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Among the world primary energy consumption fossil fuels act as the dominant sources of the energy supply. 
As shown in Fig. 1-2 that the fossil fuel consumption is about 90% from 1965 to 2013. However, fossil fuels 
i.e., coal, gas and oil are exhaustible energies and it will be ended with time since they are non-renewable 
energy source. Also, burning fossil fuels bring environmental pollutions and the CO2 they generate cause 
global warming effect.  Nuclear power is a potential energy to be an alternative to fossil fuels, but safety is a 
problem for this energy. Recently, Japan has reduced the nuclear generation significantly as a result of the 
Fukushima disaster (2011). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As alternatives to the fossil fuels, renewable energies such as hydropower, wind power, biomass power, 
geothermal power, solar PV power etc. are attracting more and more attention since they are inexhaustible and 
environmental friendly. Global cumulative renewable electricity installed capacity grew by 8% in 2014 (from 
1579 GW to 1712 GW), which continues the steady growth from 2004-2014 of recent years as shown in Fig.1-
3. It can be seen that in 2014 the installation increased 24% comparing to 2013 with much higher rate than 
observed in recent years.  
Photovoltaic (PV) solar energy conversion is the most popular and reliable among the renewable energy 
technologies, to meet the power demand of the future. Two major factors in energy industries have motivated 
searching for solar energy. 
 
Fig. 1-2. Global Energy consumption from 1965 to 2013 
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1) Limitation of natural reserves for non-renewable energy resources 
2) Environmental issues.  
It is assumed that human energy consumption per year is less than that the solar energy supply per hour on the 
earth surface. Figure 1-4 shows the globally installed PV energy per year from 2004 -2014. 
 
 
 
Fig.1-3. The globally installed renewable energy per year from 2004 -2014, reprinted from Ref. [1-2]. 
Fig.1-4. The globally installed PV energy per year from 2004 -2014, reprinted from Ref. [1-2]. 
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1.2 Semiconductor solar cell fundamentals 
1.2.1 Fundamentals of p-n Junction 
The doped semiconductors can be classified as n-type and p-type semiconductors. In a p-type 
semiconductor the more plentiful carriers are holes and referred to as majority carriers, while the less abundant 
carriers are electrons and referred to as minority carriers. On the other hand, in an n-type semiconductors 
majority carriers are electrons and minority carriers are holes. At the thermal equilibrium, the product of the 
majority and minority carrier concentration is a constant: 
 
𝑛𝑖
2 = 𝑛0𝑝0,                                                                                                                                                      (1.1) 
 
 
where ni is the intrinsic carrier concentration, n0 and p0 are the electron and hole carrier concentrations at 
equilibrium. When the p-type and n-type semiconductor are joined together, the large carrier concentration 
gradients at the contact of two semiconductors cause carrier diffusion. The holes diffuse from the p-type to the 
n-type region and the electrons diffuse from the n-type to the p-type region. As a result, a negative space charge 
region forms at the p-side of the junction and a positive space charge region forms at the n-side. This space 
charge region (SCR) across the junction region creates an electric field (E-field) which direction is from the 
positive charge to the negative charge as shown in Fig. The rest of the two semiconductors which is outside 
the SCR is called quasi-neutral region (QNR).  
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 Fig. 1-5.  Formation of p-n junction with uniformly doped p-type and n-type semiconductors and energy 
 band diagram of p-n junction in thermal equilibrium. 
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The width of the SCR, W, is: [1-3]  
 
𝑊 = [
2𝜀𝑘𝑇
𝑞2
(𝑙𝑛 (
𝑁𝐴𝑁𝐷
𝑛𝑖
2 ) (
1
𝑁𝐴
+
1
𝑁𝐷
))]
1
2⁄
,                                                                                                       (1.2) 
 
where ε is the permittivity, k is the Boltzmann’s constant,, T is the absolute temperature, q is the electronic 
charge, NA is the  acceptor density in the p-type semiconductors, and ND is the donor density in the n-type 
semiconductors, respectively.  
 
As shown in Eq. 1.3, Vbi is the built-in voltage, which means the potential change within the depletion region. 
It can be written as 
 
𝑉𝑏𝑖 =
𝑘𝑇
𝑞
𝑙𝑛 (
𝑁𝐴𝑁𝐷
𝑛𝑖
2 ),                                                                                                                                          (1.3) 
 
The carrier transport relies on the Vbi within the SCR. The higher Vbi is expected for the higher carrier drift 
velocity. The drift length ldrift is related with built-in electric field, E (-dVbi/dx) as follows 
 
𝑙𝑑𝑟𝑖𝑓𝑡 = 𝜇𝐸𝜏,                                                                                                                                                 (1.4) 
 
Where μ is the carrier mobility and 𝜏 is the carrier lifetime. 
 
In the QNR the carrier transport depends on the diffusion length of the carrier. The diffusion length can be 
calculated as 
 
𝑙𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = √𝐷𝜏,                                                                                                                                             (1.5) 
 
Where D is the diffusion coefficient. 
 
Two important constants (diffusion coefficient, D and mobility, μ) that characterize carrier transport by 
diffusion and by drift in semiconductor can be written as 
 
𝐷 = (
𝑘𝑇
𝑞
)𝜇,                                                                                                                                                      (1.6) 
 
Equation 1.6 is known as the Einstein relation. 
 
1.2.2 Principle of solar cell 
Figure 1-6 shows the basic principle of a solar cell. A solar cell is an electronic device of p-n junction that 
converts directly solar energy into electricity. This process requires a material in which the absorption of 
photon raises an electron from the valence band to the conduction band and movement of this conduction 
electron from the solar cell into an external circuit. Photons which are not absorbed (thus reflected or 
transmitted) are typically considered as a loss since they do not generate power. Considering the energy of the 
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photon and the band-gap of the semiconductor absorber (Eg) it is possible to establish if a photon is absorbed 
or transmitted: 
I. Eph < Eg: photons with energy Eph less than the band gap Eg are transmitted 
II.  Eph = Eg: photons with energy Eph equal than the band gap are absorbed and can create an electron 
hole pair. 
III.  Eph > Eg: photons with energy higher than the band gap are also absorbed. However, for PV 
applications, part of the energy of these photons is released since electrons quickly thermalize down 
to the Ec lower energy states. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Therefore, photons of sufficient energy create electron hole pairs and these photo-generated electrons and 
holes are separated by the built-in electric field of the p-n junction: the electron to the n-type region, the hole 
to the p-type region. Not only the pairs generated inside the junction separated by the built-in field but also 
most of the pairs within a diffusion length from the region containing a field can diffuse into the built-in field 
and be separated. The charge separation results in a potential difference V across the junction of solar cell. 
Finally this voltage dissipated as power in the external load. The output in the load depends on the quality of 
the absorber layer. The absorber layer may contain a range of shallow and deep level defects within the band-
gap. These defects result from imperfect crystallinity of the absorber. This can create different recombination 
mechanisms than radiative band-to-band recombination. 
 
Fn Fp
EC
EV
EV
EC
qVOC
P-type doping
Built-in electric field
Deep defects
electron
hole
trap
trap
drift
diffuseN-type doping
photon
electron
hole
Fig. 1-6. Principle of a solar cell 
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1.2.3 Light current-voltage (I-V) characteristics 
An ideal solar cell can be represented by a current source connected in parallel with a rectifying diode, as 
shown in the equivalent circuit of Figure  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The most common tool for the solar cell evaluation and characterization are the current-voltage (I–V) 
measurements under standard illumination conditions (100 mW/cm2 AM1.5 spectrum at 25º C). Four basic 
parameters, namely, open circuit voltage (VOC), short circuit current (ISC), fill factor (FF) and power conversion 
efficiency (η) are determined using three points of the I-V curve.  
 
 
RSH
RS
Ip
I0
Vout
(a)
VOC
ISC
Pmax
V
I
Im
Vm
Dark
Illuminated
(b)
Fig. 1-7.  (a) Equivalent circuit of solar cell, and (B) I–V characteristics of solar cell under dark 
and light illumination 
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The I–V behavior of a thin film solar cells can be explained by a general single exponential diode equation:[1-4] 
  
𝐼 = 𝐼0 [𝑒𝑥𝑝
𝑞
𝐴𝑘𝑇
(𝑉 − 𝑅𝑆𝐼)] + 𝐺𝑉 − 𝐼𝑃,                                                                                                               (1.7) 
 
where, I is the diode current density, V is the diode voltage, I0 is the diode saturation current density, q is the 
electron charge, A is the diode ideality/quality factor, k is the Boltzmann constant, T is the absolute 
temperature, RS is the series resistance, G is the diode conductance, Ip is the photocurrent density. The diode 
saturation current I0 can be expressed as: 
𝐼0 = 𝐼00𝑒𝑥𝑝 (−
Φ𝑏
𝐴𝑘𝑇
),                                                                                                                                                  (1.8) 
where, Φb is the barrier height and I00 is the prefactor and depends on the specific recombination mechanism 
that dominates the forward current J0. 
 
1.2.3.1 Short-circuit current 
The term, ISC in Fig. 1-7 is named as short-circuit current which implies, the current through the solar cell 
when the terminals are in short circuit (the voltage across the solar cell is zero). ISC depends on: 
I. incident light intensity (number of photons) 
II. the spectrum of the incident light 
III. the optical properties of the absorber (absorption coefficient) 
IV. the collection probability of the photoexcitaed electron-hole pair. 
 
1.2.3.2 Open-circuit voltage 
As shown in Fig.1-7 that, the open-circuit voltage, VOC, is the maximum voltage available from a solar cell, 
and this occurs at zero current. It depends on: 
I. the band gap of the absorber material 
II. the doping of the absorber material 
III. the quality of the absorber material 
IV. the light generated current density 
V. temperature. 
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1.2.3.3 Fill factor 
From the light I-V characteristics of the solar cell (Fig. 1-7), we see that Voc is the maximum voltage 
obtainable at the load under open circuit conditions of the diode, and ISC is the maximum current through the 
load under short circuit condition. The power delivered by the device can be maximized by maximizing the 
area under curve i.e., maximizing the product VOC × ISC. In practical at a certain load resistor, even we can not 
get this total power under the curve. Rather we get maximum of voltage Vm and current Im. Fill factor is used 
to define the power extraction efficiency of the device expressed as 
 
𝐹𝐹 =
𝑉𝑚𝐼𝑚
𝑉𝑂𝐶𝐼𝑆𝐶
,                                                                                                                                                    (1.9) 
 
It represents the square ness of the output I-V characteristics and directly related to the efficiency of the device. 
An ideal solar cell has a FF as closer as possible to one. In fact FF increases along with Vm and Im approaching 
respectively VOC and ISC. To do that, it is mandatory to decrease the losses due to parasitic resistances inside 
the solar cell (parasitic resistance will be detailed further in the manuscript). Using this concept, it is possible 
to expose the FF as a measure of the losses of a solar cell. 
 
1.2.3.4 Power conversion efficiency  
 
The power conversion efficiency a solar cell is generally expressed as: 
 
𝜂 =
𝐹𝐹×𝑉𝑂𝐶×𝐽𝑆𝐶
𝑃𝑖𝑛
,                                                                                                                                           (1.10) 
 
where, η is the power conversion efficiency and Pin is the input power (typically 100 mWcm−2, corresponding 
to 1 Sun AM1.5G solar spectrum illumination). 
 
1.2.4 Quantum efficiency 
Quantum efficiency (QE) at a given wavelength, 𝝀 is defined as the no. of electron/hole pairs contributing to 
the photocurrent divided by the no. of photons incident on the solar cell. It can be expressed as: 
𝑄𝐸 =
𝐼𝑝
𝑞
/
𝑃𝑖𝑛
ℎ𝜈
,                                                                                                                                               (1.11) 
Where, Ip is the photogenerated current from the absorption of incident optical power, Pin at a wavelength 𝝀 
(equivalent to photon energy hν). One of the major factors that determine the QE is the absorption coefficient.  
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1.2.5 Losses in solar cell 
1.2.5.1 Series resistance 
Many factors may degrade the ideal efficiency of a solar cell. One of the major factors is the series 
resistance (RS) from the ohmic loss in the solar cell device.  RS variation is mainly affected by the resistances 
of the front and back contacts, and the resistance at the interface of the different layers. High values of Rs may 
reduce the ISC, contrary to VOC where it has no effect (see Fig. 1-8). 
 
 
 
 
 
 
 
 
 
 
 
 
1.2.5.2 Shunt resistance 
RSH is a model of alternative paths as shown in Fig. 1-7 (a) for current. Its variations could be due to a non-
perfect interface between the doped regions and the metal contacts, and to recombination in Shockley-Read-
Hall (SRH) defects into the QNR. Contrary to RS, RSH must be as highest as possible in order to prevent lost 
in VOC (see Fig. 1-9). 
 
 
 
 
 
 
 
 
 
 
 
 
Decreasing RSH
I
V
Increasing RS
I
V
Fig. 1-8. The effect of the series resistance, RS on the I-V curve. 
Fig. 1-9. The effect of the shunt resistance, RSH on the I-V curve. 
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1.3 Solar cell technology 
 
Solar cell technologies can be divided into three generations. First generation solar cells are mainly based 
on mono c-Si and multi c-Si wafer. These types of solar cells dominate the PV market. As shown in Fig. , 
among the globally produced solar energy more than 90% is from Si based solar technology. The benefits of 
this solar technology lie in their good performance, as well as their high stability. However, the main concern 
is the high cost as it requires high quality Si thick absorber materials.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The second generation solar cells are based on amorphous silicon (a-Si), CuInGaSe2 (CIGS) and CdTe, thin 
film solar cells and in the commercial stage with typical performance of 10 - 15%. Currently, among the thin 
film solar cells, CIGS exhibits world record efficiency of 21.7% [1-5]. 
 
Third generation solar cells include organic, polymer, dye-sensitized, perovskite solar cells. Among these 
perovskite solar cells show huge potential with record efficiencies beyond 20% [1-6] on very small area. 
However, all of the 3rd generation solar cells show stability problem. 
 
Fig. 1-8 shows the efficiency trend of best research cells by technology type. 
 
 
 
 
Fig. 1-10. Global solar module production by different technology in 2014: 48961 MW, reprinted from 
Ref. [1-2]. 
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Fig. 1-11. Efficiency evolution of best research cells by technology type. This figure identifies those cells 
that have been measured under standard conditions and confirmed at one of the world’s accepted centers 
for standard solar-cell measurements [1-7] 
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1.4 The state of the arts of the CZTSSe Solar cell 
1.4.1 Introduction 
The second generation thin film solar cells based on chalcopyrite CIGS are already in the commercial 
stage. But non-abundant and/or expensive elements, In and Ga are considered as obstacles to meet future multi-
terawatt-scale global energy demand [1-8, 9]. Replacing In and Ga in CIGS with earth-abundant Zn and Sn, 
we can obtain I2-II-IV-VI4 kesterite Cu2ZnSn(SxSe1-x)4 (CZTSSe) compound which has drawn increased 
attention  as an alternative absorber layer [1-10, 11, 12, 13, 14, 15]. Similar to CIGS, CZTSSe is a p-type 
semiconductor material but contains much more earth-abundant constituents. It is reported that, in the earth 
crust, the existences of Cu, Zn, Sn, S, and Se are 50, 75, 2.2, 260, and 0.05 ppm, respectively whereas 
availability of In is 0.049 ppm (Fig. 1-12) [1-16, 17]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The band gap of Cu2ZnSnS4 is very close to 1.5 eV [1-19, 20, 21, 22, 23, 24] whereas for  Cu2ZnSnSe4  it is 
around 1 eV [1-25, 26, 27]. Theoretical studies reveal a direct bandgap of Cu2ZnSn(SxSe1-x)4 alloys 
monotonically increases from 1.0 eV (pure CZTSe) to 1.5 eV (pure CZTS) [1-27, 28, 29] (see Fig. 
1-13) with a small bowing parameter (b~0.1) as reported in Eq. (1.12): 
 
𝐸𝑔(𝑥) = (1 − 𝑥)𝐸𝑔(𝐶𝑍𝑇𝑆𝑒) + 𝑥𝐸𝑔(𝐶𝑍𝑇𝑆) − 𝑏𝑥(1 − 𝑥),                                                                          (1.12) 
 
 
Fig. 1-12. Estimated content of Cu, Zn, Sn, In, and Ga in the earth crust, reprinted from Ref. [1-18]. 
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The absorption coefficient of CZTSSe in the visible region is larger than 104 cm-1 [1-30, 31]. This permits to 
absorb light with an absorber of very thin thickness (1-2 μm). 
 
 
1.4.2 Crystal structure 
 
The formation of I2–II–IV–VI4 compounds like CZTSe can be achieved from an II–VI semiconductor by 
sequential replacement of cations (see Fig.1-14). CuInSe2 is I-II-VI compound which has two structures: 
chalcopyrite (CH) and and CuAu-like (CA) structures. As CZTSSe could be derived from I-II-VI structures, 
there are three possible structures of CZTSSe that obey the octet rule (see Fig. 1-15) [1-27]. One is the kesterite 
structure (KS), which is derived from the chalcopyrite (CH) structure. The other two are the stannite structure 
(ST), and the primitive mixed CA structure (PMCA), both derived from the CA structure. 
 
 
 
 
 
 
0.0 0.2 0.4 0.6 0.8 1.0
1.0
1.1
1.2
1.3
1.4
1.5
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d
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a
p
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V
)
x of Cu2ZnSn(SxSe1-x)4
b = 0.1 eV
Fig. 1-13 Cu2ZnSn(SxSe1-x)4 bandgap variation as a function of the composition (x). 
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I          II          III          IV          VI
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Fig. 1-14. The formation of stoichiometric I2–II–IV–VI4 compounds can be achieved by a sequential 
replacement of cations. 
 
Fig. 1- 15. The crystal structure of Cu2ZnSnS4 in (a) KS, (b) ST, and (c) PMCA structures, reprinted 
from Ref. [1-27]. 
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1.4.3 CZTSSe solar cell structure 
Fig. 1-16 shows a typical CZTSSe thin-film solar cell structure which consists of several semiconductor 
layers: a metallic (Mo) back contact, a p-CZTSSe absorber layer, an n-type CdS buffer layer; an intrinsic n-
type ZnO layer and an n+ ZnO transparent front contact. The whole structures are typically deposited on Soda-
lime glass (SLG) substrate. The functions of each layer are explained below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Usually a sodium (Na) containing glass like soda-lime glass is taken as substrate for CIGS solar cells. It was 
recognized that, during absorber deposition, Na diffuses through the Mo layer into the absorber and has 
multiple positive influence on the material [1-32, 33, 34]. Similar to the CIGS, SLG is also used as a substrate 
for CZTSSe cell. Fortunately, introduction of Na from the SLG substrate contributes positively to the 
photovoltaic quality of the absorber material of CZTS [1-35]. The molybdenum (Mo) deposited on the glass 
substrate by RF magnetron sputtering is used as a back contact. The absorber layer of CZTSSe in this study is 
fabricated by sulfu-selenization technique with Cu poor and Zn rich conditions. The n-type CdS buffer layer 
is deposited on the CZTSSe absorber layer for the passivation of the absorber surface.  It also protects the 
CZTSSe layer from negative influences of the sputtering processes used to deposit the window layers similar 
to  the CIGS case. The i-ZnO and n-ZnO:B layers are deposited by sputtering process. The n-doped zinc oxide 
provides a highly conductive front contact with a band gap large enough to be transparent in the relevant 
photon energy range. The role of the resistive i-ZnO is still a matter of discussion. Maybe it prevents the 
aluminum from diffusion into the absorber layer. Finally a layer of MgF2 is used as an antireflection coating 
to reduce the reflection loss of the incident light.  
Soda-lime Glass Substrate
Mo (~1 μm)
p-Cu2ZnSn(S,Se)4 (~1.25 μm)
CdS (~50 nm)
Anti-reflection MgF2
TCO ZnO (~1 μm)
i-ZnO (~70 nm)
Fig. 1-16 Typical CZTSSe solar cell structure. 
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1.4.4 Progress of CZTSSe solar cell 
 
In Fig. 1-17 the progress of PCE with time for kesterite CZTSSe based solar cells is shown. Using CZTS 
as absorber layer the Performance of solar cells was first reported in 1996, by Katagiri. Initially using two step 
sulfurization process the PCE was 0.66% [1-36]. In 2008 optimization of the sulfurization, the PCE was 
improved to 6.7% [1-37]. The first time chalcogens intermixing is introduced in the alloy forming CZTSSe by 
Mitzi and his group at IBM. Consequently, Todorov et al. pushed the CZTSSe PCE to 10.1% and 11.1% using 
hybrid particle-solution method. In 2012 Repins et al. set a new record for coevaporated CZTSe (9.5%). In 
2013 Kato et al. reported the new records for pure CZTS (9.2% using co-sputtering) [1-38]. Nowadays the 
world record efficiency for CZTSSe solar cells is at 12.6% set at IBM Watson [1-41]. 
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Fig. 1-17.   Evolution of the record efficiency of CZTSSe solar cells as a function of years 
[1-26, 36, 37, 38, 39, 40, 41, 42, 43]. 
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1.5 Aim of this study 
 
Theoretically the maximum efficiency, η of a single junction solar cell is greater than 30% with the 
absorber band gaps of 1 < Eg < 1.5 eV at air mass (AM) 1.5 G which is known as Shockley-Queisser (S-Q) 
limit. The tuned band gap of CZTSSe as mentioned previously is in the highest efficiency range of S-Q limit. 
But so far unfortunately the highest achieved efficiency is 12.6% using CZTSSe [1-41], which is only about 
half of similar structured CIGS (~21%) [1-5]. Meanwhile, the pure-selenide and pure-sulfide kesterites have 
reached record efficiencies of 11.6% [1-42] and 9.2% [1-38] respectively.  The open circuit voltage (Voc) is 
considered to be primary limiting factor among the solar cell parameters in CZTSSe devices [1-44, 45]. This 
material has been suffering from high open circuit voltage deficiency (Eg/q –Voc). For CZTSSe this deficiency 
is greater than 0.6 V whereas for CIGS it is less than or equal to 0.5 V [1-46], even the highest efficient (12.6%) 
CZTSSe solar cell uses only about 45% of its band gap energy of 1.13 eV. For the further improvement of 
efficiency in CZTSSe based solar cells it is most urgent for the researchers to decrease the VOC deficit i.e., VOC 
enhancement. Generally low open circuit voltage is attributed to high recombination rate i.e., poor minority 
carrier lifetime.  
 
The aim of this work is firstly to investigate the defects in the CZTSSe thin film, and secondly to study the 
carrier recombination mechanisms.  
 
In the following, a brief description of the structure of this thesis and the main contents is given. 
 
This chapter illustrates the state-of-the-art of CZTSSe thin film technology. Starting from describing the 
physics of solar cells, an outlook on the different thin film technologies is taken, followed by a detailed 
description of CZTSSe solar cell background. 
 
Chapter 2 describes the characterization of defects in CZTS and CZTSSe material using admittance 
spectroscopy and transient photocapacitance techniques. 
 
In Chapter 3 a study of deep level recombination properties in CZTS and CZTSSe performed by two-
wavelength excitation photoluminescence is reported. 
 
Chapter 4 deals with time resolved photoluminescence (TR-PL) to study the influence of Cu/Sn in CZTSSe 
on carrier lifetime. In addition, in order to investigate surface recombination, penetration depth dependence 
TR-PL measurements were performed on bare CZTSSe and CIGS thin films by using two different excitation 
wavelengths of 420 and 750 nm. Temperature dependent photocarrier recombination dynamics in CZTSSe 
and CIGS thin films is also reported in this chapter. 
 
Chapter 5 reports the carrier recombination dynamics across the junction region in CZTSSe and CIGS solar 
cells performed by electroluminescence and bias dependent TR-PL measurements.  
 
In Chapter 6 this work is completed with a summary and a brief outlook for the further improvement of solar 
cell performance. 
 
 
 
    
Chapter 1 
 
19 
 
 
 
1.6 Samples in this study 
Shown in Fig. 1-18 is the performance of the samples that we have used in this study. The higher 
efficiency was observed from the absorbers with the lower Cu/Sn ratio. The VOC of CZTSSe samples are much 
smaller than the VOC of reference CIGS sample with Ga/III ratio of 0.3, although the band gaps of CZTSSe 
and CIGS are almost similar. 
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Fig. 1-18. The current-voltage characteristics of the studied samples. 
Sample Eff (%) Voc (mV) JSC (mA/cm
2) FF (%) Eg(eV)
CZTSSe (Cu/Sn 1.65) 8.4 425 35.7 55.7 ~1.10
CZTSSe (Cu/Sn 1.75) 8.7 444 36.2 54.4 ~1.10
CZTSSe (Cu/Sn 1.85) 5.2 397 33.6 38.8 ~1.10
CZTS (Cu/Sn 1.85) 4.9 538 18.3 50.1 ~1.50
CIGS (Ga/III 0.3) 15.9 681 34.0 69 ~1.15
Table 1.  The solar cell parameters and band gap of the studied samples 
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Chapter 2 
 
Study of shallow and deep level defects by Admittance spectroscopy (AS) and 
transient photocapacitance (TPC) spectroscopy  
 
 
2.1 Introduction 
Any deviation from the ideal periodic lattice of a crystalline materials may introduce a defect level in the 
bang gap of the semiconductor. These defect levels often give rise to an anomalous behavior of the photovoltaic 
material and the energetic positions of the defects play an important role for the determination of photovoltaic 
performance. Admittance spectroscopy (AS) is a widely used technique to study of majority carrier trap defects 
in CIGS and CZTS based solar cells [2-1, 2, 3, 4, 5, 6]. By measuring the small-signal ac admittance under the 
conditions of ac signal frequency and sample temperature, it is possible to extract defect parameters such as 
activation energy, capture cross-section and density of states [2-2, 7]. Usually, AS investigates defect 
distributions by monitoring the capacitance response of the junction due to the capture and thermal emission 
of trapped charge carriers. Therefore, this method is suitable to study majority carrier traps, which are defects 
generally lying in the lower half of the gap. That means the traps whose time constant is so small that they can 
follow the modulating AC signal and contribute to the capacitance. But deep level traps whose time constant 
is too high that cannot follow AC signal, as a result there is no contribution of such traps to the capacitance. 
Indeed, any defect affects the device performance but the deep level defect that lies near the middle of the band 
gap affects the device performance severely acting as efficient carrier recombination center. 
 
 
In order to investigate deep-level defects in semiconductors, various optical techniques, e.g., deep level optical 
spectroscopy (DLOS) [2-8], optical absorption [2-9], steady-state photocapacitance [2-10], and transient 
photocapacitance (TPC) spectroscopy [2-11, 12, 13, 14, 15], have been proved to be useful, and widely used 
to study defects in the semiconductors including chalcopyrite-based solar cells.  
 
This chapter deals with AS and TPC spectroscopy to determine shallow defects and optically active deep-level 
defects, respectively, in pure sulfur contained Cu2ZnSnS4 (CZTS) and also in sulfur-selenium-contained 
Cu2ZnSn(S,Se4 )(CZTSSe) solar-cell structure samples.  
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2.2 Admittance Spectroscopy (AS) 
The typical band diagram of CZTSSe/CdS/ZnO hetero-junction solar is shown in Fig. 2-1. The depletion 
region width in the CZTSSe absorber material is wd and the built-in voltage is Vbi. The quantities EC, ET, EV, 
and EF denote the conduction band maximum, energy of defect level, valence band minimum, and the Fermi 
energy, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Admittance spectroscopy is a technique which is based on measurement of admittance, i.e., capacitance, C and 
conductance, G of a rectifying junction as a function of modulating ac voltage frequency ω and temperature, 
T. The complex admittance, Y can be written as [2-16] 
 
𝑌(𝜔, 𝑇) = 𝑖𝜔𝐶(𝜔, 𝑇) + 𝐺(𝜔, 𝑇),                                                                                                                        (2.1) 
 
where both G(ω,T) and C(ω,T) spectrums contain the same information of the full spectrum. Our study is 
based on the investigation of capacitance C(ω,T) of a rectifying junction with varying frequency and 
temperature. 
As shown in Fig. 2-1 traps or defect levels are filled with electrons up to the Fermi level and correspond 
with the nearest band edge by thermal capture and emission of carriers. A small-signal ac voltage applied to 
the junction modulates the position of the Fermi level with respect to the band edges, so the trap levels in the 
vicinity of the Fermi level change their state of occupancy accordingly. Thus, their charge state also changes 
and an additional ac charge component is generated, which increases the total junction capacitance.  
 
Fig. 2-1.  Equilibrium band diagram of a CZTSSe/CdS/ZnO heterostructure. 
p-CZTSSe
CdS
ZnO
Wd
EF
EC
ET
EVVbi
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In an ideal case, contribution of trap level to the junction capacitance can be approximated as 
 
𝐶𝑇∞
1
1+[𝜔/𝜔𝑐𝑜(𝑇)]2
,                                                                                                                                         (2.2) 
 
with the ac frequency, ω and cut-off frequency, ωco [2-2,16, 17]. 
Figure 2-2 shows the capacitance variation in response to applied ac frequency. The frequency, ωco is called 
cut-off frequency that represents maximum frequency up to which a defect can contribute to the junction 
capacitance and it corresponds with the characteristic time of emission and capture of charge in defects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The emission rate eT of a discrete hole trap is given by  
 
𝑒𝑇 = 𝜎𝑝𝑣𝑡ℎ𝑁𝑉 exp (−
𝐸𝐴
𝑘𝑇
),                                                                                                                            (2.3) 
 
where σp designates the thermal capture cross section for holes, NV is the effective density of states in the 
valence band, vth is the thermal velocity of the electrons, T is the temperature, k is the Boltzmann constant, and 
EA is the activation energy[2-1]. 
 
The cut-off frequency, ωco for the capacitance response is related to the thermal emission depth EA of the trap 
and can be expressed by the following equation: 
 
𝜔𝑐𝑜 = 2𝑒𝑇 = 2𝜉0𝑇
2exp⁡(−
𝐸𝐴
𝑘𝑇
),                                                                                                                   (2.4) 
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Fig. 2-2. Variation of capacitance with ac modulating frequency. 
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The emission factor ξ0 comprises the temperature independent parts of the product σpvthNV and is proportional 
to the capture cross section, which is assumed to be constant, whereas vth and NV depend on temperature like 
T1/2 and T3/2, respectively [2-1]. 
 
In Fig. 2-2 as we can see that at low ac frequency, ω < ωco, the carrier emission rate can follow effectively the 
movement of Fermi level and as a result the capacitance becomes high. On the other hand, if measurement 
frequency, ω > ωco, then the charge can not follow the rapid movement of the Fermi level and capacitance 
decreases. At high frequency the capacitance corresponds to the depletion width wd, 
 
𝐶ℎ𝑖𝑔ℎ =
𝜀𝜀0
𝑤𝑑
,                                                                                                                                                   (2.5)                                                                                                                                                                                  
 
where ε and ε0 are the permittivity of CZTSSe and vacuum, respectively.  
 
Walter et al.[2-2]developed a model which allows to directly determine the energetic distribution of defects in 
the band gap, NT(EA) from experimentally obtained capacitance data C(ω,T)using differentiated capacitance 
spectra. This model yields a useful visualization of the energetic distribution of trap states for the case of small 
trap densities NT(E)<<NA. The defect density distribution with energy scale is expressed as [2-2], 
 
𝑁𝑇(𝐸𝐴) = −
2𝑉
𝑏𝑖
3
2
𝑤𝑑𝑘𝑇√𝑞√𝑞𝑉𝑏𝑖−(𝐸𝑔−𝐸𝐴)
𝑑𝐶
𝑑𝑙𝑛𝜔
,                                                                                                                               (2.6) 
 
Where wd, q, Vbi, and Eg represent depletion width, elementary charge, built-in-potential and band gap 
respectively. 
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2.3 Transient Photocapacitance (TPC) Spectroscopy 
 
2.3.1 Principle of TPC 
 
The principle of the TPC can be explained by the following steps shown in Fig. 2-3.  
 
I.  Quiescent stage: the junction is kept under quiescent reverse bias, and the charge is in equilibrium.  
 
II. Traps are filled with majority carriers (holes as shown in figure) by forward pulsing bias.  
 
III. Pulse is removed, carriers emit from the traps thermally and leave the depletion region and 
consequently there is capacitance transient in addition to the quiescent capacitance.  
 
IV. A sub-band gap monochromatic light is used additionally during the thermal release of trapped carriers 
out of the defect levels within the depletion region. Induced light enhances the emission of trapped carriers. 
As a result, the transient capacitance response becomes stronger than only thermally induced capacitance.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.3.2 TPC signal 
 
The TPC signal (STPC) is obtained from the difference of the capacitance transient signals without (CDark) 
and with (CLight) light after integrating the signals over a time window (t) as shown in Fig. 2-4 shows. Thus, 
the resultant difference signal contained no thermal component. The difference is normalized to the photon 
flux, and thus yields the TPC signal at the photon energy (Eopt) selected by the monochromator. The TPC 
signal can be expressed as [2-18]: 
Fig. 2-3. Schematic representation of the different stages of the majority carrier traps under different biases.  
III. Emission Stage (Only thermal)ET
EF
IV. Emission Stage (Thermal + Optical)ET
EF
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𝑆𝑇𝑃𝐶(𝐸𝑜𝑝𝑡) =
∫𝐶𝑙𝑖𝑔ℎ𝑡(𝑡)𝑑𝑡−∫𝐶𝑑𝑎𝑟𝑘(𝑡)𝑑𝑡
𝑃ℎ𝑜𝑡𝑜𝑛⁡𝑓𝑙𝑢𝑥⁡𝑎𝑡⁡𝐸𝑜𝑝𝑡
,                                                                                                              (2.7) 
 
 
2.4 Experimental 
 
The experimental set up for TPC spectrum measurement is shown in Fig. 2-4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The TPC measurements have been carried out in the room temperature with a fill pulse bias of 0 V and a 
quiescent bias of 0.5 V (reverse bias) by using a Boonton 72B capacitance meter (ac frequency=1 MHz). The 
pulse width and duration are fixed at 50 ms and 1 s, respectively. We observed a difference in the capacitance 
transient measured in the dark and that measured under the sub-band gap monochromatic light from a halogen 
lamp. The transient response, which arises after the pulse, was integrated over a fixed time window by using 
an analog-to-digital converter with 24-bit resolution. A schematic of the time sequence of filling pulses, sub-
bandgap light excitation, and resulting capacitance transients is shown in Fig. 2-5. We integrated the 
capacitance transient over a long-enough period of time (integration time=0.75 s) to obtain a TPC signal with 
a large signal-to-noise ratio. The rate window was fixed at 2 s−1. This value is effective to obtain the 
Halogen 
lamp
Monochromator
Cryostat
He-compressor
Pulse generator
Capacitance 
meter
computer
Electronic 
shutter
Fig. 2-4. Experimental set up for TPC measurement. 
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information on deep level traps [6-9]. By varying the light wavelength, we obtained the TPC spectrum, which 
corresponded to the photo-ionization cross section of the defects in the photo absorber layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Clight
 
Light off Light on 
-0.5 V  
0 V  
Time  
window 
t1 t2
CdarkCdark
Pulse bias
Time window
time
Fig. 2-5. Measurement timing for the transient photocapacitance measurement. 
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2.5 Results and Discussion 
 
Figure 2-6(a) shows admittance spectra of CZTS sample. As we can see that there is a movement of 
capacitance peak of one defect level with temperature for different ac frequencies. The peak shifts to high 
temperature as ac frequency increases. It is reasonable that as the temperature is increased consequently the 
trap emission rate is also increased as a result the trap can follow higher ac frequency.  Calculating the 
temperature position of the capacitance peak and using the Eq. (2.4) for characteristic frequency an Arrhenius 
plot of lnω/T2 vs 1000/T was drawn (Fig. 2-6 (b)). From the y axis intercept of the Arrhenius plot the emission 
factor, ξ0 can be calculated. This parameter is proportional to trap capture cross-section. From the slope of the 
Arrhenius plot Activation energy EA was calculated. The estimated EA was found to be 331 meV for pure 
CZTS sample.  
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Figure 2-6. (a) Admittance spectroscopy of CZTS with different ac frequency. (b) Arrhenius plot 
for the determination of the activation energy of the defect. 
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We have also estimated activation energy of defects for s, se contained CZTSSe with different Cu/Sn ratio of 
1.65, 1.75 and 1.85. It can be seen from the Fig. 2-7 that the admittance peak shifts to higher temperature with 
lower Cu/Sn for a fixed AC modulating frequency of 1 KHz. The calculated activation energy varies from 80-
180 meV for Cu/Sn compositions of 1.85-1.65 in CZTSSe samples. It indicates that CZTSSe sample 
containing with lower Cu/Sn results in relatively deep level defects. However all the defects of CZTSSe 
irrespective of Cu/Sn composition are found to be significant smaller than that of pure CZTS (331 meV). 
Reduced EA for CZTSSe could be attributed to the higher valence band maximum in CZTSSe alloys with low 
S content. Using AS measurement, Duan et al. estimated higher activation energy of defect for higher band-
gap CZTSSe devices [2-19]. Gunawan et al. also found a trend of EA values from 130 to 200 meV to be 
increased with higher band gap [2-6].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The defect density, NT was calculated for CZTS and CZTSSe samples using Eq. 2.6. The defect 
distribution for CZTSSe with Cu/Sn of 1.75 is shown in Fig. 2-8.  
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Fig. 2-7. Admittance spectroscopy of CZTSSe with Cu/Sn of 1.65, 1.75 and 1.85 for the ac frequency of 
1 KHz. The estimated activation energies in the unit of meV are shown in the figure.  
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The properties of defects such as defect density, capture cross section of defects and capture time of 
defect are summarized in table 1. The capture cross-section of a defect is a measure of how close the 
electron has to come to the center to be captured and it was calculated using following equations: 
 
 
𝜉0 =
𝜎𝑡𝑣𝑡ℎ𝑁𝑉
𝑇2
,                                                                                                                                   (2.8) 
 
 
𝑣𝑡ℎ = (
3𝑘𝑇
𝑚ℎ
∗ )
1
2
,                             and                 𝑁𝑉 = 2(
2𝜋𝑚ℎ
∗ 𝑘𝑇
ℎ2
)
3
2
,                                                (2.9) 
 
 
where, 0 is the temperature independent pre-exponential factor, T is the temperature in Kelvin, k is the 
Boltzmann constant, Nv is the effective density of states in the valence-band, νth is the average thermal velocity, 
σt is the capture cross section of defect trap, mh* is the hole effective mass, and h is the Plank constant. 
 
Fig. 2-8. Defect spectra for CZTSSe with Cu/Sn of 1.75 
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The capture time, 𝜏t of the defect level was calculated using following equation: 
 
𝜏𝑡 =
1
𝑁𝑉𝑣𝑡ℎ𝜎𝑡
,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(2.10)  
 
 
Table 1 Properties of defects calculated from the admittance data 
 
 
 
We found that the capture cross-sections of the defects in the order of ~10-16 to ~10-18 cm2 are too low and 
capture times in the range of micro second are significantly higher than the minority carrier lifetime (nano 
second range).  Therefore the defects determined by admittance spectroscopy are not so effective as trap or 
recombination centers.  
 
In order to investigate deep level defects we have performed TPC measurement on CZTS and CZTSSe solar 
cell. Shown in Fig. 2-9 is the TPC spectrum of a CZTS solar cell, measured at room temperature (RT). Band-
edge transition in the CZTS layer was identified from the exponential tail region of the spectrum where TPC-
signal approaches to maximum value and becomes flatten. Monochromatic light with wavelength equivalent 
to band-gap energy induces optical transition of the valence- band electrons to the conduction-band. We 
assume that all the photogenerated-electrons at conduction-band and corresponding photogenerated-holes at 
valence-band leave the depletion region under the influence of electric field within the measurement time scale. 
Then, it creates no net charge accumulation at the depletion region that contributes to the TPC signal. As a 
result, in general, TPC signal becomes flatten in energy-scale when it reaches to the band-gap. From the 
threshold of the flattening Band gap value can roughly be estimated at 1.5 eV. From Fig. 2-9 in addition to the 
inter-band transition; a sub-band-gap TPC signal has also been identified. It can be attributed to an optical 
transition of the trapped carriers from a localized state within the band-gap of CZTS. In this study, TPC signal 
of the CZTS layer is positive in sign. Principally, optical transition of the trapped carriers to the majority band-
edge increases the depletion capacitance, while transition to the minority band decreases the capacitance. TPC 
signal is determined from the difference of the capacitance between these two transitions. Therefore, 
considering the conductivity of the CZTS as p-type, positive TPC signal implies that defect related 
photocapacitance signal is associated with an optical transition of the valence-band electrons to the unoccupied 
defect-states in CZTS. Using Gaussian fitting of this defect response we found that the defect distribution is 
centered at around 1 eV including the defect level of 0.8 eV. 
 
 
 
Sample Cu/Sn EA(meV) σt (cm
2) Nt (cm
-3) τt (μs)
CZTSSe
1.65 150 2.4E-16 8.4E+14 1.5E-07
1.65 180 1.1E-16 1.0E+15 2.7E-07
1.75 100 1.2E-17 3.7E+15 6.6E-07
1.85 80 4.2E-18 5.4E+15 1.3E-06
CZTS 1.75 331 4.1E-16 8.7E+14 1.1E-07
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Figure 2-10 shows TPC spectra of CZTSSe solar cell. Similar to CZTS this spectrum also includes two signals: 
one is due to defect response and another one is due to inter-band transition. The band gap, Eg1.05 eV is 
determined by the maximum value of the exponential tail for CZTSSe absorber. The Gaussian shaped feature 
indicates the defect distribution is centered around 0.85 eV above the valence band. Miller et al [2-20] also 
reported deep level defect spectra centering near 0.8 eV above of the valence band for CZTSSe samples. The 
similar results in CIGS, namely constant defect band around 0.8 eV above the valence band in CIGS with 
different Ga concentration, have been found in our previous study, which possibly indicates that the deep 
defect level between CZTSSe alloys and CIGS have the similar defect structure. 
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Fig. 2-9. Transient photocapacitance spectra of CZTS solar cell. 
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2.6 Conclusion 
 
 
Electrically active trap level ranging from 100 ~ 350 meV has been indentified in Cu2ZnSn(S,Se)4 and 
Cu2ZnSnS4 material. Pure CZTS sample shows relatively deep defects and consequently suffers from low 
device performance comparing to S, Se alloy of CZTSSe. The estimated capture cross sections of the defects 
are low and capture time is high enough indicating these defects may not have severe detrimental effects on 
solar cells performance. TPC spectroscopy reveals deep level defect spectra including 0.8 eV defect level in 
CZTS and CZTSSe at room temperature.  
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Fig. 2-10. Transient photocapacitance spectra of CZTSSe solar cell. 
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Chapter 3 
 
Recombination properties of deep-level defects using two-wavelength excitation 
photoluminescence (TWEPL) 
 
 
3.1 Introduction 
The recombination properties of 0.8 eV-defect in both CZTS and CZTSSe specimens have been 
investigated, by using the two-wavelength excitation photoluminescence (TWEPL) method. TWEPL is a 
purely optical and non-destructive technique as like as conventional photoluminescence (PL). Generally, PL 
is performed by laser irradiation with above-gap excitation (AGE) energy. Besides a constant above-gap 
excitation, we introduce another light source as a below-gap excitation (BGE) with energy corresponding to 
the defect level of 0.8 eV in the band gap. The change in PL intensity due to the superposition of AGE and 
BGE light was observed to examine whether the 0.8 eV-defect acts as a trap or a recombination center.  
 
3.2 Experimental 
Two samples of pure CZTS and S, Se contained CZTSSe are used in this study. The Se-content of our 
studied CZTSSe sample was determined to be ~0.85, as measured by electron probe microanalysis (EPMA). 
Band gap values for the CZTS and CZTSSe films were found as ~1.5 eV and ~1.1 eV respectively. These 
values were estimated from the long wavelength inflection points of the external quantum efficiency curves of 
the corresponding solar cells. PL measurements were carried out with a confocal laser scanning microscope. 
Laser source with the wavelength of 635 nm was used as AGE for CZTS and CZTSSe.  A CCD detector has 
been used for the detection of luminescence light for CZTS sample. In case of CZTSSe sample an InGaAs-
based photomultiplier tube (Hamamatsu H10330A-75) has been used to detect the longer wavelength 
luminescence signals. During the TWEPL measurements, a 1550 nm laser-beam (i.e., 0.8 eV of energy) was 
used as the secondary light source (i.e., BGE in this case) together with AGE which were irradiated 
simultaneously at the same area on the sample surface. All the measurements have been performed at room 
temperature (RT). 
 
The experimental set-up for TWEPL measurement is sketched in Fig. 3-1.  
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3.2 Principle of the two-wavelength excitation photoluminescence  
 
Figure 3-2 shows the schematic diagram showing the principle of the TWEPL. The electron distribution 
and its recombination processes under AGE and also under simultaneous irradiation of both AGE and BGE 
are shown in Fig 3-2(a) and (b) respectively. Generally, under the AGE, valence electrons are excited into the 
conduction band. Immediately after the excitation the excited electrons are relaxed and trapped into the 
intermediate localized states within the band-gap which presumed to be originated from the imperfections of 
the absorber materials. The trapped electron may then be attracted by the hole of the valence band, creating a 
bound exciton. Then the bound electron and hole of the exciton may recombine non-radiatively by the emission 
of phonons. In case of TWEPL, the BGE source with 0.8 eV of energy makes the excited valence electrons to 
start filling the 0.8 eV traps. Therefore, excited electrons those are created due to AGE will have less empty 
states to relax down to the 0.8 eV traps, and thus, it will decrease the excitonic population existing only under 
AGE. As a result, the PL intensity, under simultaneous irradiation of both AGE and BGE, can be expected to 
be higher comparing to the PL intensity only with AGE.  
 
 
635 nm laser
ND Filter
PC
1550 nm laser 
Mirror
Spectrometer
Detector
Long pass filter
Sample stage
Lens
(0.8 eV)
Fig. 3-1. Schematic diagram showing the experimental set-up of two-wavelength excitation photoluminescence 
(TWEPL) 
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Fig. 3-2. Principle of the two wavelength excited PL. (a) Optical process in case of above-gap excitation, 
(b) two wavelength excitation. The PL intensity for (b) can be expected to be stronger than (a). Ev is the 
top of the valence band energy, EC the bottom of the conduction band energy and the trap is considered to 
have energy of 0.8 eV above the valence band. Primary and secondary excitations mean above gap and 
below gap excitations, respectively. 
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3.3 Results and Discussion 
Figure 3-3(a) compares the PL-spectra of the CZTS thin film with Cu/Sn = 1.85 measured with normal 
AGE and with two wavelength excitation (AGE + BGE). The power densities of AGE (635 nm) and BGE 
(1550 nm) were set at 16.56 Wcm-2 and 20.52 Wcm-2 respectively. As apparent from the figure, a clear increase 
in the PL-intensity has been observed for the measurement performed with two wavelength excitation. For the 
estimation of the difference in PL-intensities, we introduce two parameters, Idouble and Isingle, defined as the PL-
intensities measured with both AGE and BGE simultaneously and with normal AGE, respectively. Idouble and 
Isingle are the integrated PL-intensity estimated as an area of PL-spectrum over luminescence photon energy. 
When the 0.8 eV-defect works as a trap center, the ratio of Idouble/ Isingle should be 1.0 because 0.8 eV laser 
introduction may induce nothing. If the introduction of 0.8 eV laser induces phonon excitation, Idouble/ Isingle  
should be less than 1.0. In contrast, when the defect level works as a recombination center, the Idouble/ Isingle 
value should be more than 1.0 depending on BGE light-intensity. A clear increase in the PL-intensity measured 
with two wavelength excitation as shown in Fig. 3-3(a) indicates a reduction in the non-radiative recombination 
by filling electrons at the 0.8 eV-defect due to the BGE laser source. It suggests that, the 0.8 eV-defect works 
as a recombination center at RT.  
 
Figure 3-3(b) presents the variation of Idouble/ Isingle for the same CZTS sample (Cu/Sn = 1.85) plotted as a 
function of the incident BGE (1550 nm of wavelength) laser intensity keeping fixed AGE with 16.56 Wcm-2. 
It is clear from the figure that ratio of the Idouble/ Isingle increases from 1.0 with increase in BGE-laser (1550 nm 
of wavelength) intensity. The maximum point of the Idouble/ Isingle at the figure corresponds to the full saturation 
of the 0.8 eV-defect. After a maximum limit a decline tendency is also observed. This type of tendency was 
also reported for CIGS thin films [3-1]. This can be explained by the following arguments. The full saturation 
of the 0.8 eV-defect depends on the defect density. Further increase in the intensity of 1550 nm laser irradiation 
enhances heat generation in the sample due to phonon excitation. This increases phonon assisted non-radiative 
recombination and results in PL-intensity to be reduced. 
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Fig. 3-3 (a) PL spectra of CZTS with Cu/Sn compositions of 1.85 under single AGE and two wavelength 
(AGE + BGE) excitation. The lower intensity PL spectrum is for single above-gap (635 nm) excitation and 
the higher for two-wavelength (635 nm + 1550 nm) excitation. The power densities of 635 nm and 1550 nm 
were set at 45.86 Wcm-2 and 20.52 Wcm-2 respectively. (b) Variation of  Idouble/Isingle for the CZTS sample 
containing Cu/Sn compositions of  1.85 with 1550 nm laser intensity along with fixed 635 nm laser excitation 
fixed at 45.86 Wcm-2. 
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Later to investigate the TWEPL process in CZTSSe sample we measured PL spectra of the CZTSSe 
film with Cu/Sn = 1.75 under the irradiation with only AGE (635 nm of wavelength) and both AGE and BGE 
as shown in Fig. 3-4(a). 
 
Fig. 3-4. (a) PL spectra of CZTSSe under AGE and (AGE + BGE) excitations. In this case a laser source  of 
635 nm used as AGE and the power densities of 635 and 1550 nm were 16.56 and 0.06 Wcm-2 respectively. 
(b) BGE intensity dependence of Idouble/Isingle for CZTSSe sample. 
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There is no increase in the PL-intensities measured with two wavelength excitation. Rather after the 
introduction of the 1550 nm laser excitation, PL-intensity decreases, i.e., Idouble is less than Isingle. BGE power 
dependence of the PL intensities is shown in Fig. 3-4(b). The intensity of PL emission in the CZTSSe film is 
observed to decrease with increase in the BGE power together with a fixed AGE power. This phenomenon is 
attributed to the increase of the non-radiative recombination probability of electrons and holes with the 
introduction of BGE. Thus for lower band gap CZTSSe (~1.1 eV), the 0.8 eV-defect level acts as trap center. 
While in wider gap CZTS (~1.5 eV) this level acts as a recombination center i.e., before the thermal emission 
of captured minority carrier (electron) into the conduction band it is recombined immediately with a majority 
carrier (hole) i.e., recombination takes place.  This is may be one of the reasons that the efficiency of the 
CZTSSe-based solar cells is higher than that of the CZTS [3-2,3,4]. As the position of 0.8 eV-defect is closer 
to the mid-gap in CZTS it acts as efficient recombination center which is detrimental to the performance of 
the solar cells. 
 
3.4 Conclusion 
In conclusion, to examine the properties of the particular defect level we have introduced its equivalent 
energy as a secondary excitation source along with the above-gap primary excitation.  In this study we have 
investigated the 0.8 eV-defect level for wider gap CZTS and narrow gap CZTSSe samples by TWEPL 
measurement. The TWEPL intensity for CZTS thin film is investigated to be stronger than the PL intensity 
obtained for only above gap excitation. On the other hand in case of CZTSSe thin film the TWEPL is found 
to be weaker. The results obtained for CZTS in this study suggest that ~0.8 eV-defect level works as a 
recombination center at RT while in CZTSSe this level works as a trap center. 
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Chapter 4 
 
Study of carrier recombination by Time resolved photoluminescence 
 
4.1 Introduction 
Generally, the open circuit voltage (Voc) of a photovoltaic solar cell is limited by charge carrier 
recombination mechanism. Different photovoltaic materials have different recombination processes that limit 
the utilization of band gap energy. In order to improve the PCE and Voc, it is important to study the carrier 
recombination process and the carrier dynamics in CZTSSe solar cells. It is well known that 
photoluminescence (PL) is a powerful tool for the characterization of semiconductor materials and devices 
based on the radiative recombination of photo-excited carriers. In particular, time resolved photoluminescence 
(TR-PL) or PL decay is a method of monitoring the time dependence of excess carriers which are generated 
by a short pulse of incident photons. The excess carrier density is monitored by detecting the time dependence 
of the light emitted by the recombining electron-hole pairs. One can estimate the minority carrier lifetime from 
the decay time of excess carrier recombination. The minority carrier lifetime is one of the most important 
parameters for the characterization of photovoltaic solar cells. However, the lifetime of a material is quite 
unpredictable and difficult to control. It depends on the material quality. In order to determine lifetime of 
minority carrier for CIGS materials many reports on TR-PL with complete description are published [4-1, 2, 
3, 4]. A positive correlation between minority carrier lifetimes with the Voc and efficiency of CIGS solar cell 
has also been reported [4-5, 6, 7, 8]. On the other hand, to our best knowledge very few studies have been 
reported for CZTSSe based solar cells [4-9, 10, 11]. 
 
In this work, a comparative study of TR-PL on bare CZTSSe thin films, CdS covered CZTSSe films and 
CZTSSe based solar cells are presented. In addition, in order to investigate surface recombination, penetration 
depth dependence TR-PL measurements were performed on bare CZTSSe and CIGS thin films by using two 
different excitation wavelengths of 420 nm and 750 nm. We have also performed a comparative study on the 
temperature dependence of photocarrier recombination dynamics in CZTSSe and CIGS thin films. 
 
 
4.2 Principle of TRPL 
TRPL is a promising technique to study carrier recombination properties in the semiconductor absorber 
layer. In this technique, a fast laser pulse generates excess electrons and holes in the absorber layer and the 
resulting luminescence for a particular emission wavelength is monitored as a function of time. Usually, the 
minority carrier lifetime measured from TRPL depends on three recombination mechanisms including 
radiative recombination, non-radiative recombination or Shockley-Read-Hall (SRH) recombination and Auger 
recombination. Fig. 4-1 shows the schematic diagram for describing the three kinds of recombination processes 
after the generation of electron hole pairs. 
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a: generation of electron-hole pair 
b: radiative recombination process 
                                                            c: SRH recombination process 
                                                            d: Auger recombination process 
 
4.2.1 Radiative recombination 
Radiative recombination is the inverse of the absorption process. In the radiative transition, an electron 
in the conduction band and a hole in the valence band recombine to produce a photon of energy hν~Eg as 
shown in Fig. 4-1 (process b). The photon emitted may have the energy of the band gap or less, depending on 
how much energy is lost in the mechanism. Photoluminescence is a common way for the optical generation of 
recombination luminescence. Room-temperature photoluminescence spectra usually show an intense band 
peaking near Eg which comes from the direct recombination of electron and holes. Other peaks that are 
observed at energies less than Eg are related to transitions from impurity or exciton states [4-12].The total 
radiative recombination rate, given below as R, is proportional to the product of the concentration of 
occupied states (electrons, n) in the conduction band and that of the unoccupied states in the valence 
band (holes, p): 
 
𝑅 = 𝐵𝑛𝑝                                                                                                                                                        (4.1)                                                                    
where B is a constant for a given semiconductor that can actually be calculated from the semiconductor’s 
absorption coefficient (because of  the relationship between optical absorption and the recombination process) 
[4-13].   
Fig. 4-1. Schematic diagram for describing the three kinds of recombination mechanisms. EC: conduction 
band; EV: valence band; σn: capture cross section of electrons; σp: capture cross section of holes. 
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Eq. (4.1) gives the light output per unit volume of a semiconductor with n electrons and p holes per cm3. For 
a semiconductor under illumination, a density of ρ(r) electron-hole pairs is generated, and the general 
expression for the net photoluminescence from the volume V is written in terms of an integral: 
 
𝐼𝑃𝐿 = 𝐵∫[(𝑝0 + 𝜌(𝑟))(𝑛0 + 𝜌(𝑟)) − 𝑛𝑖
2]𝑑𝑉                                                                                               (4.2)   
 
where n0 is the free electron density, p0 is the free hole-density, ni is the intrinsic density per cm3 which is 
related to the effective densities of states in conduction band (NC) and valence band (NV) [4-14]. ρ(r) is the 
concentration of excess hole-electron pairs produced by the excitation. Here, Bni2 is the equilibrium or 
blackbody luminescence. Under steady-state excitation, ρ(r) remains constant in time, and therefore IPL 
remains constant. Under pulsed excitation, ρ(r) decreases because of recombination and IPL decays 
accordingly. This is the physical process basic to measuring the minority carrier lifetime by time-resolved 
photoluminescence. Using the symmetric notation (N and ρ) and neglecting the steady state minority carrier 
density, when assuming spatially uniform and instantaneous injection ρ0 of electron-hole pairs per cm3, the 
radiative decay of ρ is given by 
 
𝑑𝜌
𝑑𝑡
= −𝐵(𝑁𝜌 + 𝜌2)                                                                                                                                                                                             (4.3) 
  
The solution to this differential equation is 
𝜌(𝑡) =
𝜌0𝑒𝑥𝑝⁡(−
𝑡
𝜏𝑅
)
1+
𝜌0
𝑁
(1−𝑒𝑥𝑝(−
𝑡
𝜏𝑟
))
                                                                                                                                               (4.4)                                                                                                                                  
 
 
Here, the radiative lifetime τR is defined as 
𝜏𝑅 =
1
𝐵𝑁
                                                                                                                                                                                (4.5) 
 
4.2.2 SRH recombination 
Non-radiative recombination is the process by which electron-hole pairs recombined via deep defect levels 
within the forbidden band as shown in Fig. 4-1 (process c). Due to the contribution of Shockley, Read [4-15] 
and Hall [4-16], this common mechanism in minority carrier kinetics is the frequently called Shockley-Read-
Hall (SRH) recombination mechanism. The physics involves minority carrier capture at defects that have 
quantum levels in the bandgap of the semiconductor. The SRH recombination rate is usually shown to be [4-
17, 18, 19] 
  
𝑈 =
𝑣𝑡ℎ𝜎𝑛𝜎𝑝𝑁𝑡(𝑝𝑛−𝑛𝑖
2)
𝜎𝑝[𝑝+𝑛𝑖𝑒
(𝐸𝑖−𝐸𝑡)/𝑘𝑇]+𝜎𝑛[𝑛+𝑛𝑖𝑒
(𝐸𝑡−𝐸𝑖)/𝑘𝑇]
⁡,                                                                                                     (4.6) 
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where, Nt is the volume density of deep levels; σn and σp are capture cross sections of electrons and holes, 
respectively; and Et is the energy level of the trap. n and p are the electron and hole concentrations, respectively, 
and υth is the thermal velocity of the electron or hole. If electron-hole pairs of volume density ρ=Δn, Δp are 
injected, then the instantaneous values of p and n can be written as 
 
𝑝 = 𝑝0 + 𝜌,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑛 = 𝑛0 + 𝜌                                                                                                                      (4.7) 
 
For a doped semiconductor, one has either n0>>p0 (n-type) or p0 >> n0 (p-type). Taking the case of a p-type 
material, one can derive the recombination rate for electrons at a single energy level at Et in the forbidden gap. 
This case is symmetrical to that of hole recombination in n-type material. In this expression, p0=NA(acceptor 
concentration) and n0~0. Therefore, 
 
𝑈 =
𝑣𝑡ℎ𝜎𝑛𝜎𝑝𝑁𝑡(𝜌𝑁𝐴−𝜌
2)
𝜎𝑝[𝑁𝐴+𝜌+𝑛𝑖𝑒
(𝐸𝑖−𝐸𝑡)/𝑘𝑇]+𝜎𝑛[𝜌+𝑛𝑖𝑒
(𝐸𝑡−𝐸𝑖)/𝑘𝑇]
⁡,                                                                                                                     (4.8) 
  
A logarithmic plot of RSRH versus Ei-Et shows a steep peak at Et=Ei. The maximum recombination rate occurs 
at defects levels that lie at or near midgap. 
 
The SRH lifetime is defined as 
 
𝜏𝑛 =
1
𝜎𝑛𝑁𝑡𝑣𝑡ℎ
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑎𝑛𝑑⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝜏𝑝 =
1
𝜎𝑝𝑁𝑡𝑣𝑡ℎ
                                                                                                       (4.9) 
 
Then Eq. (4.8) is rewritten as 
 
𝑈 =
(𝜌𝑁𝐴−𝜌
2)
𝜏𝑛[𝑁𝐴+𝜌+𝑛𝑖𝑒
(𝐸𝑖−𝐸𝑡)/𝑘𝑇]+𝜏𝑝[𝜌+𝑛𝑖𝑒
(𝐸𝑡−𝐸𝑖)/𝑘𝑇]
⁡,                                                                                                        (4.10) 
 
Generally, NA is much greater than the terms containing ni in Eq. (4.10), when using the symmetric notation 
with the majority-carrier doping equal to N (N=NA), we can get, 
 
𝑈 =
(𝜌𝑁𝐴−𝜌
2)
𝜏𝑚𝑖𝑛[𝑁+𝜌]+𝜎𝑚𝑎𝑗𝜌
⁡,                                                                                                                                         (4.11) 
 
Here, τmin and τmaj are the minority and majority carrier SRH lifetimes, respectively. For the low injection case 
of ρ<<N, Eq. (4.11) simplifies to 
𝑅𝑆𝑅𝐻 =
𝜌
𝜏𝑚𝑖𝑛
                                                                                                                                                                   (4.12) 
here 
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𝜏𝑚𝑖𝑛 =
1
𝜎𝑁𝑡𝑣𝑡ℎ
                                                                                                                                                                                (4.13) 
 
σ is the capture cross section for the minority carrier. 
 
From Eq. (4.12), we can see that the recombination rate at the SRH level is controlled by the capture of the 
minority carrier by the defect. Thus the product of the capture cross section and the defect density appears in 
the recombination rate. In low injection, the majority carrier density is much greater than the minority carrier 
density. After minority carrier capture, the center is reset by the subsequent capture of a majority carrier. 
Because of the high concentration of majority carriers, capture occurs at a very high rate. Thus, in low injection, 
the SRH lifetime is determined solely by the minority carrier capture rate. When more than one deep-level 
defect type is present, the total SRH low-injection lifetime is described by a single minority carrier lifetime τ, 
where 
 
1
𝜏
= ∑
1
𝜏𝑖
𝑖                                                                                                                                                                         (4.14) 
 
Where τi is the SRH lifetime for each specific type of defect. 
 
4.2.3 Auger recombination 
Auger recombination is a nonradiative recombination process in which the energy of the electron-hole pair 
is transformed into the kinetic energy of a free particle. In Auger recombination, the excess energy given off 
by an electron recombining with a hole is given to a second electron (in either band) instead of just emitting 
the energy as a photon as shown in Fig. 4-1 (process d). The newly excited electron then gives up its additional 
energy in a series of collisions with the lattice, relaxing back to the edge of the band. The Auger process is 
usually seen at relatively high carrier concentrations [4-20].Thus, this effect is a result of interactions between 
multiple particles, including multiple electrons and a hole. For the usual three-carrier Auger recombination 
lifetime, τA, for n and p-type semiconductors varies as [4-21] 
 
1
𝜏𝐴
= 𝐴𝑛𝑝 + 𝐵𝑛2⁡(𝑛 − 𝑡𝑦𝑝𝑒),⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡
1
𝜏𝐴
= 𝐴𝑛𝑝 + 𝐵𝑝2⁡(𝑝 − 𝑡𝑦𝑝𝑒)                                                                         (4.15) 
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4.3 Results and Discussion 
4.3.1 Carrier lifetime in CZTSSe with different Cu/Sn 
To study recombination process in direct gap materials PL is widely used. The integrated PL 
intensity (IPL) provides a measure of the relative contributions of the radiative and non-radiative 
processes through the following equation: 
 
𝐼𝑃𝐿 ∝ ⁡𝑅𝑟 =
∆𝑛
𝜏𝑟
∝
𝜏
𝜏𝑟
≈
𝜏𝑛𝑟
𝜏𝑟
 ,                                                                     (4.16) 
 
where Rr is the radiative recombination rate, ∆n is the total photo-excited electron density, τ is the total 
recombination lifetime or effective lifetime, τr is radiative lifetime and τnr is the non-radiative lifetime [4-1]. 
Figure 1 shows the PL spectra of CdS covered CZTSSe samples with the same excitation power. Considering 
the PL spectra and the above equation for IPL, we can say that the contribution of radiative recombination for 
sample with the higher Cu/Sn ratio of 1.85 is lower than the other two.  
 
 
 
 
 
 
 
 
 
 
 
The PL peaks are located in the range of 1.0 to 1.04 eV depending on Cu/Sn ratios. However, we have 
estimated the band gap energy of CZTSSe samples to be ~1.10 eV from the external quantum efficiency and 
optical absorption spectra (data not shown here). Difference in the PL peak position and band gap energy 
suggests that the radiative recombination resulting in luminescence involves states inside the band gap. To 
investigate the involving states in the radiative transition, excitation power dependent PL measurements were 
performed. Figure 4-3 shows the PL spectra of CdS covered CZTSSe (Cu/Sn = 1.65) thin film measured with 
different excitation power at 26 K. As shown in Fig. 4-3, the peak energy of the PL spectra was shifted to 
higher energy side as the excitation power density was increased. The shift of the PL peak energies with 
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Fig. 4-2. Room temperature photoluminescence spectra for CdS covered CZTSSe samples. The band gap 
(Eg) was estimated ~1.1 eV from EQE data. The arrow indicates the value of Eg. 
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increasing excitation power is ~10 meV/decade. This trend of blue shifting of PL peak is a feature of donor–
acceptor pair (DAP) recombination process [4-22, 23].  
 
 
 
 
 
 
 
 
 
 
 
Temperature dependent PL measurements show that the PL peak shifts to higher energy side with increasing 
temperature and at RT we did not observe any shift of PL peak with excitation power. To check whether the 
transition involves band-band or defect-band, we have monitored PL signal intensity with excitation laser 
power. Generally, the intensity of the PL emission, IPL can be expressed by the following power low: IPL = Iexk; 
where k is the characteristic parameter for the transition and Iex is the excitation intensity. The k value can be 
calculated from the slope of linear fit of the double logarithmic plot of PL peak intensity with laser power. For 
all three samples, we have found k < 1.0, which indicates defect related transitions occurred for PL emission 
[4-24]. The k value greater than 1.0 indicates band-band transition. Therefore, we can conclude that the PL 
emission at RT in our samples is due to band-impurity transition. Thus dominant DAP recombination 
mechanism at lower temperature (26 K) shifts to band-impurity recombination at higher temperature.  
 
Although PL compares the relative contributions of radiative and non-radiative transitions, a direct 
measure of the recombination rate or lifetime of minority carrier can be obtained from TR-PL measurement. 
In TR-PL, a laser-pulse injects excess electrons and holes into the p-type CZTSSe layer and the resulting 
luminescence due to radiative recombination of electron–hole pairs is monitored as a function of time. The 
luminescence intensity is proportional to the product of electrons and holes [4-19]. If the excess carrier 
concentration, ∆n is much less than the equilibrium majority-carrier concentration p0, i.e., in low injection 
condition, the PL-intensity is proportional to p0∆n. In contrast, in high-injection condition, ∆n is much larger 
than p0, then, the PL-signal is proportional to ∆n2 [4-6]. In order to gain information about recombination 
processes for different injection levels, TR-PL measurements were investigated with varying laser excitation 
power. Figure 4-4(a) shows the excitation intensity dependent TR-PL decay curves for the CdS covered 
CZTSSe (Cu/Sn = 1.75) sample. All decay spectra were recorded at the photon energy of 1.01 eV, which is 
the peak position of PL spectrum of this sample (shown in Fig. 4-2).  The decay curves could be fitted by a 
double-exponential function:  
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Fig. 4-3. Photoluminescence spectra of CdS covered CZTSSe (Cu/Sn 1.65) as a function of laser power 
(identified in legend, W/cm2). The sample temperature was kept at 26 K. 
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𝐼𝑃𝐿(𝑡) = 𝐶1𝑒
−𝑡 𝜏1⁄ + 𝐶2𝑒
−𝑡 𝜏2⁄ ,                                                                                         (4.17) 
 
where t is the time after a laser pulse excitation, I(t) is the luminescence intensity at time t, C1 and C2 are PL 
intensities of the corresponding PL components, and τ1 and τ2 are the fast and slow decay lifetimes. In our 
study, τ2 is considered as a minority carrier lifetime (τ) for comparison, which is relevant for solar cell 
operation. For the determination of the minority carrier lifetime (τ), a single exponential fit in the slow decay 
avoiding the fast initial decay has been used. Figure 4-4(b) presents the corresponding lifetime values 
calculated for each excitation-intensity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 It can be seen in Fig. 4-4(b) that although at lower excitation range, lifetime is almost constant but a clear 
trend of lower τ is observed for higher excitation range. This result can be explained by considering the 
following equation for net radiative recombination [4-25],  
 
𝑅𝑟𝑎𝑑 = 𝐵(𝑛0 + 𝑝0)∆𝑛 + 𝐵∆𝑛
2,                                                                                         (4.18) 
 
where B is the constant, ∆n is the excess minority-carrier concentration, n0 is the equilibrium electron 
concentration, and p0 is the equilibrium hole concentration. The linear term of the above equation represents 
the recombination under lower injection and the quadratic term is for higher injection condition. For our 
sample, we considered the absorption coefficient of approximately 104 cm-1 at 750 nm that resulted in the 
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Fig. 4-4. (a) Excitation intensity (Iex) dependent time-resolved photoluminescence (TR-PL) spectra on CdS 
covered CZTSSe. Here unit of excitation intensity is photons.cm-2.pulse-1 (b) Lifetime variation with 
different excitation intensity. 
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optically excited excess carrier density of about 1014 to 1015 cm-3 in the low excitation region. This value is 
much lower than majority hole concentration (~1016 cm-3) calculated from capacitance-voltage (C-V) 
measurement. According to above equation it can be seen that the minority-carrier lifetime, τ = 1/B(n0 + p0) 
is excitation independent. In case of high injection, the excess carrier concentration is comparable to or larger 
than majority carrier concentration and then the quadratic term is dominant maybe due to bimolecular 
recombination leading to decrease in the decay time [4-25].  
In order to ensure low-injection condition, the photon density of the exciting light-pulse was fixed 
approximately at 9.0 × 1010 photons.cm-2.pulse-1. Bare Cu2ZnSnSe4 thin films degrade by air exposure and the 
degradation has an impact on minority carrier lifetime [4-26]. Therefore, CZTSSe thin films passivated by 
CdS are chosen for lifetime comparison as CdS layer reduces the surface recombination. In Fig. 4-5, the time 
evolutions of the PL signals for three different samples of CdS covered CZTSSe are depicted.  
 
 
 
 
 
 
 
 
 
 
 
 
 
All PL decay curves have been measured at the peak energy of the corresponding PL band. Relatively 
longer lifetime values of 17 and 18 ns for lower and medium Cu/Sn ratios (1.65 and 1.75) respectively, were 
estimated from the low injection regime. It should be mentioned here that this extremely small difference in 
lifetime values was confirmed after measuring PL decay for several times with a slightly greater lifetime for 
the sample having medium Cu/Sn ratio. On the other hand, there was a clear decrease in lifetime (9 ns) for 
CZTSSe containing higher Cu/Sn composition of 1.85. The decrease in the PL decay lifetime suggests that it 
contains more non-radiative bulk recombination centers comparing to lower and middle Cu/Sn samples. The 
PL decay lifetime τ can be expressed in terms of the lifetimes for radiative and non-radiative processes as 
   
1
𝜏
=
1
𝜏𝑟
+
1
𝜏𝑛𝑟
,                                                                                                                               (4.19) 
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Fig. 4-5. TR-PL decay curves measured on CdS covered CZTSSe samples. Laser excitations were kept 
constant (~9˟1010 photons.cm-2.pulse-1 or 23.81 nJ.cm-2.pulse-1).  
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where τr and τnr are the radiative and non-radiative lifetime, respectively [4-27]. The lifetime measured from 
PL decay represents the effective lifetime which is modified by the existence of non-radiative process. In our 
discussion, we regarded the PL decay time as a minority carrier lifetime. Actually, the intrinsic radiative 
lifetime can be roughly estimated using absorption coefficient and intrinsic carrier concentration in the order 
of μs in direct gap semiconductors [4-21]. In addition, generally, the lifetime of non-radiative recombination 
is shorter than that of radiative one (in the range of ns). The observed lifetime values of the PL peaks of our 
studied samples are found to be in the order of ns. This indicates that the most of recombination is occurring 
non-radiatively at RT, i.e., τ ~ τnr for all of our investigated samples. During non-radiative recombination, 
electron-hole pairs recombine through deep level impurities or traps which is known as Shockley-Read-Hall 
(SRH) recombination where non-radiative lifetime τnr can be explained as 
 
𝜏𝑛𝑟 =
1
𝜎𝑒𝑣𝑡ℎ𝑁𝑇
.                                                                                                                    (4.20) 
 
Here, σe is the capture cross-section of electrons, vth is the thermal velocity of the electrons, and NT is the trap 
density. Considering the above two equations, it is evident that an increase in the non-radiative recombination 
centers induces a decrease in the PL decay lifetime. The origin of recombination centers is now under 
investigation.  
In Fig. 4-6 PL and TRPL spectra for CZTSSe solar cell structures are presented.  
 
 
   
 
 
 
 
 
 
 
 
 
We note that the PL line shape and intensity in the cell structure are almost the same as those with 
CdS/CZTSSe/Mo/SLG samples. As the fabrication procedures are similar for both structures, therefore, we 
believe that the origins of PL in CdS covered CZTSSe and cell structure should be the same. Furthermore, we 
have used 750 nm as excitation wavelength, therefore ZnO and CdS can be considered transparent as the band 
gap energy of these two materials are higher than excitation wavelength equivalent energy. The measured 
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Fig. 4-6. (a) PL and (b) TRPL spectra of solar cell structure (ZnO/CdS/CZTSSe/Mo/SLG) samples. PL 
peaks of the corresponding samples were the emission wavelengths for these TR-PL spectra.  
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lifetimes for CdS covered CZTSSe and cell structures are almost the same with a little shorter lifetime in the 
case of the cell structure. This result demonstrates that, the charge separation effect is not so effective rather 
than recombination. The effect of electric field on charge carrier recombination will be discussed in detail in 
the next chapter. The room temperature carrier lifetime values measured on CZTSSe solar cell structure and 
performance of these cells are listed in Table I. The open circuit voltage (Voc ), efficiency (η), and  short circuit 
current density (Jsc) - all three device parameters increase as the lifetime increases.  Samples with lower Cu/Sn 
ratios of 1.65 and 1.75 produce higher lifetimes and consequently produce higher Voc and η.  
Table I Carrier lifetime, τ of CZTSSe device structure and device parameters of CZTSSe-based solar cells such 
as open circuit voltage (Voc), short circuit current density (Jsc), fill factor (FF), and efficiency (η). Device 
parameters were measured under simulated AM 1.5 G (100 mW.cm-2) at room temperature. 
 
 
The variation of lifetimes of CZTSSe with different Cu/Sn ratios for three different structures is depicted in 
Fig. 4-7. It can be seen that lifetime values for all structures of CZTSSe follow the same trend with lower τ for 
Cu/Sn ratio of 1.85. In all cases, it is observed that longer minority carrier lifetime is associated with lower 
and medium Cu/Sn compositions. Lowest lifetimes were estimated for the samples of unpassivated surface.  
 
 
 
 
 
 
 
 
 
 
 
 
Cu/Sn 
τ 
(ns) 
Voc 
(mV) 
Jsc 
(mA.cm-2) 
FF 
(%) 
η 
(%) 
1.65 13.5 425 35.65 55.7 8.4 
1.75 15 444 36.20 54.4 8.7 
1.85 6 411 34.80 46.0 6.5 
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Fig. 4-7. Dependency of minority carrier lifetimes with the variation of Cu/Sn ratio in CZTSSe absorber 
for the different structure of CZTSSe. 
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4.3.2 Surface recombination 
In order to study surface recombination, penetration depth dependent TR-PL experiments were carried out 
on bare samples. For this purpose, two different excitation wavelengths of 420 and 750 nm were used to 
generate excess carriers at different depths in absorber.  From the data of transmittance and reflectance, the 
penetration depth (the distance from the surface in which the original incident light intensity I0 decrease to 1/e 
of I0) calculated from the inverse of the absorption coefficient were estimated as 40 nm and 100 nm for the 
wavelength of 420 and 750 nm, respectively. Figure 4-8(b) shows the TR-PL decays at the excitation 
wavelength of 420 and 750 nm.  
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TR-PL decay curves for bare CZTSSe sample with 
Cu/Sn ratio of 1.75 with two different excitation 
wavelengths of 420 nm (lower decay curve) and 750 
nm (upper decay curve). Photon densities of 7 x 1010 
and 9 x 1010 photons.cm-2.pulse-1 for 420 and 750 
nm, respectively, were kept comparable for carrier 
excitation. 
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Unlike low-energy, i.e., of wavelength 750 nm excitation, the PL intensity falls rapidly with time for high-
energy excitation of wavelength 420 nm. All uncovered samples show the same tendency (Table II) and it can 
be explained as follows: 
I. For 420 nm excitation, most of the carrier injection occurs very near the surface. PL intensity 
abruptly falls because of non-radiative carrier recombination via surface states rather than 
radiative recombination. Surface imperfections created defect states into the band gap of the 
absorber materials are very much sensitive for carrier recombination. 
II. For 750 nm excitation, only a small amount of photons are absorbed near the surface and relatively 
high absorption occurs deep inside the material and consequently produce higher carrier lifetime 
with slow PL decay. 
 
 
Table II Lifetime values for bare CZTSSe samples measured by two different excitation wavelength of 420 
and 750 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
A comparative study of surface recombination on bare CZTSSe and bare CIGS thin films were conducted 
by TR-PL at the excitation wavelength of 420 and 750 nm. It is obvious that surfaces of both the samples were 
oxidized due to air exposure. Moreover, formation of Cu2-xSe secondary phase may also be possible on the 
surface. For comparison, both samples were prepared by KCN etching for the removal of defect phases 
mentioned above. Figures 4-9(a) and (b) show the PL decay curves of CZTSSe (Cu/Sn=1.65) and CIGS 
(Ga/III=0.3), respectively after KCN etching. In case of CZTSSe, irrespective of KCN treatment, the decay 
curves were found nearly indistinguishable showing the decay rate much higher for the excitation wavelength 
of 420 nm. In CIGS, before KCN etching, the decay curves provide carrier lifetimes of 3.2 and 5.2 ns for the 
excitation wavelengths 420 and 750 nm, respectively. Although before etching, the decay rate was higher for 
420 nm excitation but after KCN etching the recombination dynamics seems to be independent on excitation 
wavelength.  After etching, nearly equal lifetimes of 10 and 10.6 ns were estimated for 420 and 750 nm 
excitation, respectively. The improvement of surface condition of CIGS after etching indicates low surface 
recombination. The lifetime values for CZTSSe and CIGS thin films before and after KCN etching are listed 
in table III. The above phenomenon strongly suggests that there is a dominant surface recombination in 
CZTSSe comparing to CIGS. 
Excitation wavelength (nm) Cu/Sn  Life time (ns) 
420 
1.65 1.4 
1.75 1.1 
1.85 1.3 
750 
1.65 5.4 
1.75 5.7 
1.85 3.4 
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Table III Lifetime values of bare CZTSSe (Cu/Sn 1.65) and bare CIGS (Ga/III 0.3) thin films before and after 
KCN etching with two different excitation wavelength of 420 nm and 750 nm. Here Ga/III = Ga/(In+Ga). 
 
 
 
Life time (ns) 
(before KCN etching) 
Life time (ns) 
(after KCN etching) 
Sample 420 nm 750 nm 420 nm 750 nm 
CZTSSe 1.4 5.4 2.4 5.5 
CIGS 3.2 5.2 10.0 10.6 
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Fig. 4-9. After KCN etching TR-PL spectra of bare (a) CZTSSe and (b) CIGS thin films with excitation 
wavelengths of 420 nm (lower decay curve) and 750 nm (upper decay curve). 
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4.3.3 Temperature Dependent PL and TRPL 
The influence of the temperature on the PL emission spectrum for CZTSSe and CIGS is shown in Fig. 4-
10(a) and (b) respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In  CIGS and CZTSSe, the RT spectrum consists of a broadband luminescence with full width half maximum 
(FWHM) 119 and 137 meV respectively. These types of asymmetric broadening of the PL peaks due to the 
wide range of possible transition energies are often described by the spatially fluctuating potentials [4-28].   
We also note that at RT for the same excitation intensity the PL intensity for CZTSSe sample is about two 
order magnitude lower comparing to CIGS. This significantly lower intensity of the luminescence emitted 
0.8 0.9 1.0 1.1 1.2
 
× 100
 
 26 K
 180 K
 300 K
In
te
n
s
it
y
 (
a
rb
. 
u
n
it
)
Photon Energy (eV)
× 30
CdS/CZTSSe (Cu/Sn=1.75)(a)
0.9 1.0 1.1 1.2 1.3
 
 
×3
 26 K
 180 K
 300 K
In
te
n
s
it
y
 (
a
rb
. 
u
n
it
)
Photon Energy (eV)
×9
CdS/CIGS (Ga/III=0.3)(b)
Fig. 4-10 Temperature dependent PL spectra for CdS (a) CZTSSe and (b) CIGS samples 
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from CZTSSe is a direct consequence of the comparatively dominant non-radiative recombination association 
with the native deep defects. In CIGS both FWHM and PL peaks remain almost similar with temperature. But 
in case of CZTSSe we observe that as the temperature is increased from 26 K to 300 K the FWHM varies from 
57 meV to 137 meV. Furthermore, a pronounced blue-shift of 100 meV of the PL peak with temperature was 
also observed. The shifting of PL peak to the higher energy position with increasing temperature agrees both 
with band gap fluctuation [4-29] and electrostatic potential fluctuation [4-30] models.  
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Fig. 4-11. Time-resolved photoluminescence decay curves measured on CdS covered devices at 
temperatures 26 K and RT for: (a) CZTSSe and (b) CIGS. 
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Although PL compares the relative contributions of radiative and non-radiative transitions, a direct measure 
of the recombination rate or lifetime of minority carrier can be obtained from TR-PL measurement. The room 
temperature(RT) and 26 K TR-PL decay curves for CZTSSe containing Cu/Sn ratio of 1.75 and CIGS with 
Ga/III ratio of 0.3 are presented in Fig. 4-11. TR-PL decay curves measured at the peak energy of the 
corresponding PL band of CZTSSe and CIGS yield RT lifetimes of 15 ns and 125 ns respectively (figure 2). 
But, once the samples are cooled down to 26 K, surprisingly the minority carrier lifetime in CZTSSe was found 
significantly higher than CIGS. In CIGS with slight enhancement the lifetime at 26 K is estimated to be 200 
ns whereas for CZTSSe this value is from 15 ns at RT to 250 ns at 26 K. Conventionally, long lifetimes are 
believed to be beneficial for solar cell performance. However, the drastic increase in lifetime at low 
temperature for CZTSSe can be explained by the electrostatic potential fluctuation model [4-31,32]. In this 
model, immediately after the laser pulse, excess electrons and holes   are considered to be localized in the local 
minima of the conduction and valence bands, respectively. At low temperature carriers cannot cross the 
fluctuation barrier due to the insufficient thermal energy and require tunneling process to be recombined.  
Figure 4-12 shows variations of lifetime with temperature for CZTSSe and CIGS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
0 100 200 300
0
50
100
150
200
250
 
 
 CZTSSe (CuSn 1.65)
 CZTSSe (CuSn 1.75)
 CZTSSe (CuSn 1.85)
 CIGS (Ga/III 0.3)
L
if
e
ti
m
e
 (
n
s
)
Temperature (K)
Fig. 4-12. Dependency of minority carrier lifetime with temperature for CZTSSe and CIGS. 
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 It can be seen that at temperatures up to 120 K, the lifetime is estimated to be about 250 ns and remains 
almost constant with increasing temperature, but at temperatures above 120 K, lifetime decreases steeply with 
increasing temperature to a few nanosecond value at RT. We also note that the same qualitative/quantitative 
behavior is observed independent of whether the TRPL measurements are performed on CZTSSe absorber 
layers for the variation of Cu/Sn ratios 1.65 to 1.85. On the other hand minority carrier lifetime in CIGS is 
weakly dependent on temperature and varies from 200 ns (26 K) to 125 ns. So from the above considerations 
we can say that drastic enhanced nonradiative recombination at high temperature results in very low carrier 
lifetime. The short lifetime in turn leads to very short diffusion length and this may affect the performance of 
CZTSSe based solar cells. 
 
4.4 Conclusion 
The quality of CZTSSe absorbers for three different Cu/Sn compositions was investigated by TR-PL 
experiment. Pulsed laser of wavelength of 750 nm was used for bulk carrier injection. Minority carrier lifetime 
was found insensitive to the Cu/Sn ratios of 1.65 and 1.75 giving higher lifetime, whereas sample with higher 
Cu/Sn ratio (1.85) showed relatively lower lifetime. It was attributed to the increased non-radiative native 
defects associated with higher Cu/Sn. The difference in lifetime between CdS covered CZTSSe and CZTSSe-
based solar cell structure is not so remarkable that perhaps due to weak charge separation effect across the 
junction. We investigated the influence of surface defects by using excitation wavelength of 420 and 750 nm. 
Penetration-depth dependence of lifetime-values revealed that the CZTSSe surface recombination is much 
more effective than the recombination in the surface of CIGS.From the temperature dependent lifetime data it 
is investigated that the electrostatic potential fluctuation results in increased minority carrier lifetime in 
CZTSSe than CIGS at low temperature. However, at room temperature it is observed that the lifetime in CIGS 
is about one order higher than CZTSSe. This result indicates nonradiative recombination processes become 
dominant at high temperatures in CZTSSe materials.  
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Chapter 5 
 
Comparative study on carrier recombination across the junction region of 
Cu2ZnSn(S,Se)4 and Cu(In,Ga)Se2 thin film solar cells 
 
5.1 Introduction 
Although many factors can affect the VOC of a solar cell, the charge-carrier recombination in the junction-
region may be dominant. Generally an improvement in the VOC depends on how slowly the photo-generated 
carriers recombine with time. Therefore it is crucial to understand charge carrier generation, recombination 
and more importantly the separation of these charge carriers by the internal electric field produced in the 
junction region. Photoluminescence (PL) spectroscopy is widely used technique to study carrier recombination 
in the CIGS materials as well as CZTSSe [5-1, 2, 3, 4, 5, 6, 7]. However, to investigate the junction quality 
electroluminescence (EL) is very useful. Principle of the EL spectroscopy which is the exact inverse of the 
photovoltaic process has never been used for CZTSSe material systems, although there have been some reports 
for CIGS materials [5-8, 9]. In the present study we have compared the charge carrier recombination process 
across the junction regions of CZTSSe and highly efficient CIGS solar cells. For this purpose, room 
temperature electroluminescence and time resolved photoluminescence (TRPL) under different external bias 
have been investigated.   A combined study of the EL and TRPL is crucial to understand the complete carrier 
recombination mechanism of the CZTSSe material. 
 
5.2 Experimental 
The CZTSSe thin-film solar cell was fabricated at Solar Frontier, Japan. The compositions of the grown 
CZTSSe film have been found as [Cu]/[Sn] ~ 1.77 and [Se]/[S+Se] ~ 0.85 as estimated from the electron probe 
microanalysis (EPMA). The band gap was estimated to be ~ 1.10 eV using external quantum efficiency data. 
On the other hand, CIGS solar cell was fabricated at the National Institute of Advanced Industrial Science and 
Technology (AIST), Japan. CIGS film was grown by a three-stage process using a molecular beam epitaxy 
(MBE) system [5-10]. The [Ga]/[In+Ga] ratio of CIGS sample has been found to be ~ 0.30 which is also 
estimated by EPMA. The device parameters of CZTSSe and CIGS thin-film solar cells are listed in Table 1. 
All of these measurements of EL, TRPL and temperature dependent VOC were performed on the solar cell 
structures based on CZTSSe and CIGS. A Keithley 2635B source meter has been used as an injection current 
source for EL and as a voltage source for external bias dependent TRPL measurements. In TRPL, photo-
excitation was carried-out by mode-locked titanium: sapphire laser with the wavelength of 750 nm and 
luminescence signals were detected by an InGaAs based photomultiplier detector. The laser output comprised 
of  2 and 4 MHz pulse train with a pulse width of ~80 fs. The diameter of the laser spot on the sample was 
approximately 70 μm and the photon density per pulse was approximately 1011 photons.cm-2 and it was chosen 
for excess carrier injection. 
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5.3 Results and Discussion 
EL spectra measured at RT for CZTSSe and CIGS devices are presented in the figures 1(a) and 1(b), 
respectively. The injection currents of the measurements were fixed at 2546 mAcm-2 and 2253 mAcm-2, for 
CZTSSe and CIGS, respectively. Together with the EL spectra, the PL spectra of both the CZTSSe and CIGS 
samples measured under similar optical excitation are also shown in Fig. 5-1.  
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Fig. 5-1. Room temperature EL and PL spectra for (a) CZTSSe and (b) CIGS solar cells. 
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It is interesting to note that the same peak position in both the EL and PL spectra for the CZTSSe and also for 
CIGS sample. It suggests that the origin of the luminescence are due to the similar electronic transition. It 
should be mentioned here that the conduction band off-set between the n-type CdS window and CZTSSe (p-
type) is significantly smaller (ΔEC~0.4 eV) than that of the valence band off-set (ΔEV ~1.0 eV) [5-11]. Almost 
similar type of band alignment between CdS and CIGS has also been reported [5-12]. Therefore, considering 
the above condition, during EL measurement, as the forward bias flattens the conduction band edge, electrons 
can easily be injected into the lower gap p-type absorber layers (both in the CZTSSe and the CIGS). On the 
contrary, the higher valence band off-set between the CdS and the CZTSSe or CIGS blocks the injection of 
holes from p-type absorber to n-type window material. Obviously, due to the injection of excess minority 
carriers in the absorber layer, recombination will take place in the lower gap region. As the recombination of 
these excess carriers occurs very near the metallurgical junction region, quality of both the interface and the 
depletion region can affect the recombination mechanisms, therefore, the EL intensity. It should be noted that, 
during EL measurement, although the injection current was slightly higher for CZTSSe sample, corresponding 
EL intensity is more than two orders of magnitude lower than that of CIGS device (see the vertical scale of 
Fig. 5-1). It suggests the existence of increased non-radiative recombination centers in CZTSSe and/or 
CdS/CZTSSe interface comparing to that of CIGS sample.  
 
The variation of EL intensity with injection current is shown in Fig 5-2. The slope for CIGS is more than unity, 
however less than one for CZTSSe. The results indicate that the ineffective current on light emission for 
CZTSSe is larger than that of CIGS.  
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Fig. 5-2. EL intensity with injection current density for CZTSSe and CIGS cells. 
    
Chapter 5 
 
66 
 
 
The performance of studied samples are given in table I. Although the band gap of both the CZTSSe and 
the CIGS are comparable, there is significant decrease in the VOC of the CZTSSe solar cell. The loss of VOC 
can be attributed to the enhanced non-radiative recombination in the CZTSSe sample which is also reflected 
in the reduced EL-efficiency as mentioned above.  
Table 1. Device characteristics of CZTSSe and CIGS solar cell under AM 1.5 G illumination. 
 
 
 
 
 
Another relevant characterization technique corresponding to carrier recombination is the time resolved 
photoluminescence (TRPL) from which effective carrier lifetime can be estimated.  The measured TRPL decay 
curves for the CdS/(CZTSSe or CIGS) and ZnO/CdS/(CZTSSe or CIGS) structures are shown in Fig. 5-3. An 
ultrafast laser of pulse-width ~80 femtosecond (fs) with the wavelength of 750 nm has been used as an 
excitation source for the TRPL measurement. The corresponding photon energy of the laser excitation is lower 
than the band-gap energy of the CdS (~2.42 eV) and the ZnO (~3.30 eV). Therefore, light will be transmitted 
through these layers and will be absorbed in the CZTSSe or CIGS layer in the structure only. Taking into 
account similar absorption coefficient and the band-gap energy of the CZTSSe and CIGS in this study we can 
consider the penetration depth for the 750 nm excitation in both samples is almost similar. In general, the 
lifetime of photo-excited carrier is affected by the recombination at the interface (here, CdS/CZTSSe or CIGS) 
or bulk of the absorber and the effective lifetime 𝜏eff can be expressed as  
 
1
𝜏𝑒𝑓𝑓
=
1
𝜏𝑟
+
1
𝜏𝑛𝑟
                               (5.1) 
 
where 𝜏r is the radiative lifetime and 𝜏nr is non-radiative lifetime. In case of a p-n junction, some of the pulse 
excited carriers can be drifted out of the depletion region by the built-in electric field at the junction before 
recombination. Thus, the population of the available excited carriers become less to be recombined with time. 
Consequently, TRPL decay curve becomes faster and hence obtained life time of the carriers become smaller. 
Therefore, in case of p-n junction, 𝜏eff can be expressed as, 
 
1
𝜏𝑒𝑓𝑓
=
1
𝜏𝑟
+
1
𝜏𝑛𝑟
+
1
𝜏𝑑𝑟𝑖𝑓𝑡
                               (5.2) 
 
where 𝜏drift is the carrier drift-out time at the  junction.  
Sample Eff (%) 
VOC  
(mV) 
JSC  
(mA/cm2) 
FF (%) Eg (eV) 
CZTSSe 5.2 397 33.6 38.8 ~1.10 
CIGS 15.9 681 34.0 69.0 ~1.15 
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Fig. 5-3 has two implications. At first, it is apparent from the figure that carrier lifetime in the CdS covered 
CIGS layer is ~125 ns which is much higher comparing to that of CdS covered CZTSSe layer (~ 9 ns). It 
normally suggests that non-radiative recombination in CZTSSe is significantly sensitive comparing to CIGS. 
Another noteworthy observation is that in case of CIGS, lifetime of the carriers extremely reduces to 5 ns for 
the ZnO/CdS/CIGS structure. It indicates 𝜏eff  strongly depends on the 𝜏drift. It has been reported that ZnO 
combined with CdS makes strong E-field at the ZnO/CdS/CIGS structure and this E-field quickly reduces the 
photo-generated carriers across the junction. As a result, PL intensity abruptly falls resulting in extremely 
lower TRPL decay time. On the other hand, as the lifetime remains almost same for both structure of CZTSSe 
solar cell 𝜏nr is still very sensitive.  
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Fig. 5-3 TRPL decay curves for CdS covered and solar cell structure of (a) CZTSSe and (b) CIGS. 
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To investigate more quantitatively about the effect of the E-field on the carrier dynamics, we have studied 
bias dependent TRPL for the ZnO/CdS/CZTSSe (or CIGS) structures. The pulsed laser excited carrier 
recombination dynamics under different bias conditions are shown in Fig. 5-4. As can be seen in Fig. 5-4(a).  
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Fig. 5-4. TRPL decay curves for (a) CZTSSe and (b) CIGS solar cells under different external 
voltages. The applied voltages were 1.0 V, 0.5 V, 0 V, -0.5 V and -1.0 V. 
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In case of CIGS solar cells, the forward bias significantly increase the decay time and also reverse bias 
produces shorter decay time as expected.  The increase of carrier lifetime under forward bias condition has 
also been reported for CIGS solar cell structure [5-13, 14]. As we have already mentioned that without applying 
external bias, photo-excited excess carriers are separated by the electric field in the junction due to built-in 
voltage. But when the forward bias is introduced, the electric field in the junction region is reduced and then 
the carrier separation becomes less effective resulting in the longer lifetime of carriers. On the other hand, 
reverse bias produces strong electric field across the junction region that enhances charge separation due to 
high carrier drift velocity. The change in band diagram under different external bias conditions is shown in 
Fig. 5-5. However, TRPL decay curves for CZTSSe seems to be independent on external bias conditions i.e. 
𝜏drift, is unaffected. The results, therefore, indicate that the CZTSSe contains high concentration of 
recombination center whose capture time is faster than the separation time of the photo-generated carriers near 
the depletion region.  
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Fig. 5-5. The expected change of band diagram within CZTSSe or CIGS material under different external 
biases. Applied forward and reverse biases are indicated in the legend. 
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Open circuit voltage loss 
Generally open-circuit voltage losses mean recombination losses. It can be written as (Eg/q-VOC) where Eg is 
the absorber band gap energy and VOC is the open circuit voltage. The dominant recombination path can be 
studied via temperature-dependent VOC analysis. Assuming that the solar cell can be described with a one-
diode model [5-15]: 
 
𝐽 = 𝐽0 [𝑒𝑥𝑝
𝑞
𝐴𝑘𝑇
(𝑉 − 𝑅𝑆𝐽)] + 𝐺𝑉 − 𝐽𝑃,                                                                                                               (5.3) 
 
where, J is the diode current density, V is the diode voltage, J0 is the diode saturation current density, q is the 
electron charge, A is the diode ideality/quality factor, k is the Boltzmann constant, T is the absolute 
temperature, RS is the series resistance, G is the diode conductance, JP is the photocurrent density. 
 
Neglecting the parasitic resistances (series and shunt resistance), from Eq. (5.3) the open-circuit voltage is 
given by [5-15]: 
 
𝑉𝑂𝐶 ≈
𝐴𝑘𝑇
𝑞
𝑙𝑛 (
𝐽𝑝
𝐽0
)                                                                                                                                        (5.4) 
where A describes the diode quality factor, k the Boltzmann constant, q the electronic charge, T the 
temperature, J0 the saturation current density. The saturation current density, which is a generation current 
density, is defined: 
 
𝐽0 = 𝐽00𝑒𝑥𝑝 (−
Φ𝐵
𝐴𝑘𝑇
)                                                                                                                                  (5.5) 
 
where J00 denotes the prefactor of the saturation current density and ΦB the energy difference of the 
generation/recombination process. Inserting Eq. (5.5) into Eq. (5.4) yields an expression for the temperature 
dependence of the VOC: 
 
𝑉𝑂𝐶 =
Φ𝐵
𝑞
−
𝐴𝑘𝑇
𝑞
𝑙𝑛 (
𝐽00
𝐽𝐿
)                                                                                                                              (5.6) 
As we can visualize, Eq. (5.6) follows an extrapolation of the VOC to 0 K leading to the barrier height ΦB and 
it depends on the recombination site in the solar cell. The recombination can occur in the bulk of the absorber 
in the quasi-neutral zone as band-to-band recombination, via defects, or in the space charge region. In all these 
cases, it can be assumed that the barrier height corresponds to the band gap of the absorber. However, the 
dominant recombination path can also be located at the interface between the buffer and the absorber or at the 
buffer–window interface. Here, the barrier height could be smaller than the band gap. A reduced barrier height 
can have two causes: Fermi level pinning at the interface, or a cliff in the conduction band alignment (between 
absorber and buffer), that is, the conduction band edge of the buffer (or the window layer) is lower than the 
conduction band edge in the absorber. In the case of Fermi level pinning, the barrier height corresponds to the 
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barrier for holes which are the minority carriers at the interface, that is, the energy difference between the 
Fermi level and the valence band edge at the interface [5-16]. In the case of a cliff, the barrier is determined 
by the energy distance between the conduction band edge of the buffer or the window layer and the valence 
band edge of the absorber [5-17, 18]. From temperature-dependent current–voltage analysis, it cannot be 
determined whether Fermi level pinning or reduced interface band gap is responsible for the reduction of the 
barrier height ΦB. However, the determination of the barrier height and comparison with the band gap allows 
the determination of the location of the dominant recombination mechanism: at the interface or in the bulk. 
 
To understand whether carrier recombination mechanism is more active at the interface states, temperature 
dependent open circuit voltage (VOC) measurements have been performed for both CIGS and CZTSSe structure 
(Fig. 5-6).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In case of CZTSSe structure, from the VOC vs T data we estimated ΦB value to be around 0.8 eV which is less 
than the CZTSSe band gap value of 1.10 eV. Such kind of lower EA value suggests that the interface 
recombination is more dominant than the depletion region of CZTSSe absorber layer. ΦB smaller than Eg i.e., 
indicating buffer-absorber interface recombination have also been reported in the literature [5-19, 20]. On the 
other hand in case of CIGS structure the ΦB is almost equal to the Eg of CIGS indicating SRH recombination 
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Fig. 5-6. Temperature dependent open circuit voltage from which activation energy of the 
dominant recombination was calculated.  
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in the depletion region is more active. Therefore, from the above considerations we might argue that the 
interface recombination also sensitive along with bulk recombination in CZTSSe based solar cells as compared 
with CIGS.   
 
5.4 Conclusion 
A comparative study with focusing on carrier recombination properties across the junction region of the 
Cu2ZnSn(S,Se)4 (CZTSSe) and the CuInGaSe2 (CIGS) solar cells has been carried out. For this purpose, 
electroluminescence (EL) and also bias-dependent time resolved photoluminescence (TRPL) using 
femtosecond (fs) laser source were performed. For the similar forward current density, the EL-intensity of the 
CZTSSe sample was obtained significantly lower than that of the CIGS sample. Primarily, it can be attributed 
to the existence of excess amount of non-radiative recombination center in the CZTSSe, and/or CZTSSe/CdS 
interface comparing to that of CIGS sample. In case of CIGS sample, photoluminescence (PL) decay time (i.e. 
life time of carriers) measured from TRPL was found to increase with the application of forward-bias. This 
can be attributed to the reduced charge separation rate resulting from the reduced electric-field at the junction. 
However, in CZTSSe sample, PL decay time has been found almost independent under the forward and 
reverse-bias conditions. This phenomenon indicates that the charge recombination rate strongly dominates 
over the charge separation rate across the junction of the CZTSSe sample. Finally, temperature dependent VOC 
suggests that interface related recombination in the CZTSSe solar cell structure might be one of the major 
factors that affect EL efficiency and also, TRPL decay curves. 
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Chapter VI 
Conclusion 
In conclusion, the defect activation energies measured by AS are in the range of 100~200 meV for CZTSSe 
depending on Cu/Sn composition. The higher band gap pure CZTS reveals higher defect at around 331 meV. 
The origins of these defects are attributed to CuZn antisite defects. The estimated capture cross sections of the 
defects are low and capture time is high enough indicating these defects may not have severe detrimental 
effects on solar cells performance.  
By using TPC the deep level defect spectra centered at 0.8 to 1.0 eV have been investigated. To examine the 
properties of the 0.8 eV defect level we have introduced TWEPL. The TWEPL intensity for CZTS thin film 
is found to be stronger than the PL intensity obtained for only above gap excitation. On the other hand in case 
of CZTSSe thin film the TWEPL is found weaker. The results obtained for CZTS in this study suggest that 
~0.8 eV-defect level works as a recombination center at RT while in CZTSSe this level works as a trap center. 
The quality of CZTSSe absorbers for three different Cu/Sn compositions was investigated by TR-PL. Pulsed 
laser of wavelength of 750 nm was used for bulk carrier injection. Minority carrier lifetime was found 
insensitive to the Cu/Sn ratios of 1.65 and 1.75 giving higher lifetime, whereas sample with higher Cu/Sn ratio 
(1.85) showed relatively lower lifetime. It was attributed to the increased non-radiative native defects 
associated with higher Cu/Sn. The difference in lifetime between CdS covered CZTSSe and CZTSSe-based 
solar cell structure is not so remarkable that perhaps due to weak charge separation effect across the junction. 
Penetration-depth dependence of lifetime-values revealed that the CZTSSe surface recombination is 
significantly effective than the recombination in the surface of CIGS. 
In order to study carrier recombination properties across the junction region of CZTSSe and CIGS solar cells 
we have performed EL and external bias dependent TRPL. Significant decrease in EL intensity for CZTSSe 
comparing to CIGS indicates much more non-radiative recombination centers are active in CZTSSe materials. 
For a CIGS solar cell under forward bias voltage the TRPL decay curves are strongly dependent. Such kind of 
carrier recombination behavior are expected in case ideal p-n junction solar cell. But in case of CZTSSe solar 
cells under both forward and reverse bias conditions there seems to be no influence on the TRPL decay curves. 
This phenomenon can be explained by dominant non-radiative recombination processes in the depletion region 
which is produced by CdS and CZTSSe. From the variation of VOC with temperature the activation energy, 
EA, which may correspond to the band gap was deduced. The EA for CZTSSe is much lower than its band gap 
energy, on the other hand that for CIGS, EA is almost the same as the band gap energy. This phenomenon 
suggests that, there is high concentration of electrical defects in this interface of CdS/CZTSSe comparing to 
the case of CIGS.    
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Future work 
 
In this study we have estimated defect activation energy 100 - 350 meV from the valence band using AS 
measurement. Deep level defect of 0.8 -1.1 eV from the balance band have also been investigated using TPC. 
However, we could not investigate the defects in the range of 0.4 – 0.8 eV for CZTSSe samples. Therefore, 
using a variable laser source of energy in that infrared region with sufficient intensity might be useful to study 
these type of defects by TPC measurement.  
 
Another important issue is that efficient thin-film polycrystalline CZTSSe-based photovoltaic devices require 
a single-phase kesterite absorber. Secondary phases with lower band gap comparing to CZTSSe absorber can 
reduce cell open-circuit voltage while secondary phases with higher band gap can reduce photocurrent. The 
challenge then is to grow kesterite material free of detrimental secondary phases. Therefore a detailed study 
of secondary phases is important for the further improvement of CZTSSe solar cell performance.  
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